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Abstract
Control over the size, shape, topology, orientation, and crystallographic phase of organic
molecular materials is critical for a wide array of applications ranging from optoelectronics
to pharmaceutical development. Herein, we demonstrate a relatively low-cost approach for
fabricating single crystals with controlled sizes, shapes, microscale periodic features, preferred
orientations and specific molecular packing modes. These features allow for the fabrication of
intricate arrangements of single crystals for incorporation into complex device architectures, and
potentially the endowment of tailored optical, electronic, thermal, and mechanical properties
onto these materials. Patterning is achieved by utilizing an organic-vapor-liquid-solid (OVLS)
deposition scheme paired with traditional photolithography methods. The OVLS approach
involves spin coating a layer of a low vapor pressure solvent onto a substrate in order to drive
up the critical nucleus size required for crystal nucleation, resulting in large grain sizes. This
substrate is placed above a hot plate with the organic material to be sublimed. Our results show
that millimeter-scale, ultrathin, planar organic molecular crystals can be grown on patterned
substrates with rudimentary equipment (hot plate, spin coater, photoresist, photomask, UV
source). We show that this technique is not only compatible with organic semiconductors, but
also other organic molecular crystals such as pharmaceuticals.
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Chapter One
Introduction

C

1 . 1 : M o l e c u l a r C r y s ta l s a n d
Organic Semiconductors

rystals are ordered solid-state materials that have wide-ranging properties depending
on the constituents of the crystal. Atomic crystals are composed of atoms in a lattice
connected by strong bonds such as covalent or ionic bonds. These types of bonds have

bond strengths on the order of 640 kJ/mol lattice energy for NaCl (ionic), and bond strengths
are around 713 kJ/mol for diamond (covalent). Molecular crystals are connected by weaker
intermolecular forces. In general, bond strengths range from 2 - 127 kJ/mol for molecular
crystals, 400 - 500 kJ/mol for metallic compounds, 600 - 900 kJ/mol for ionic compounds, and
150 - 900 kJ/mol for covalent compounds.[1, 5, 71]
Crystals such as table salt and diamonds are examples of atomic crystals; they have

extremely high melting and evaporation points due to the strong nature of the bonds within the
crystalline structure. Frequently, nonmetal atomic crystals are quite rigid due to slip dislocations
being forbidden within the crystal structure. Plasticity is typically dislocation mediated.[2]

Figure 1.1: Atomic vs. molecular crystal structure. a) Crystal structure of sodium chloride. b) Crystal structure of
diamond. c) Crystal structure of anthracene. d) Crystal structure of perylene. Generated using Mercury 4.0 [78].
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Table 1.1: Table of physical properties for various types of crystalline materials.[5, 66-72]

Sodium
Chloride

Diamond

Anthracene

Water

Silicon

Gold

Crystal
Type

Ionic

Organic

Organic
Molecular

Molecular

Metalloid

Metal

Bonding
Type

Ionic

Covalent

vDW

H-Bonds

Covalent

Metallic

Bond
Strength
(kJ / mol)

640

713

28.8

51

450

342

Melting
P o i n t ( oC )

801

3550

216

0

1410

1064

Boiling
P o i n t ( oC )

1465

4830

341

100

3265

2970

Young’s
Modulus
(GPa)

39.98

1106

3.72

12

130-188

79

Shear
Modulus
(GPa)

12.61

478

9.90

3.8

51-80
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In contrast, molecular crystals are composed of molecules connected by comparatively
weak intermolecular forces such as hydrogen bonding (H-Bonds) or van der Waals’ (vdW)
forces, with bond strengths on the order of ~2 - 160 kJ/mol for hydrogen bonds and ~0.4 40 kJ/mol for van der Waals’ forces. This disparity in bonding strength imparts markedly
different physical properties onto molecular crystals when compared with their atomic crystal
counterparts, including low melting/evaporation points and greater mechanical flexibility.[2]
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Crystal structures for atomic and molecular crystals can be seen in Figure 1.1 and some of their
associated properties are listed in Table 1.1.
Some compounds that form molecular crystals include carbon dioxide (dry ice), water,
sugar, and many organic semiconductor materials such as fused acenes. Molecular crystals have
a tendency to form multiple polymorphs and can have wide-ranging growth habits even for a
single polymorph, tendencies which are captured by the phrase “no two snowflakes are alike” for
the case of ice.
During the 20th century, inorganic semiconductors were the main focus for semiconductor
applications for a variety of reasons. Materials such as silicon are earth-abundant, and their
conductivity can be manipulated via doping with other elements in order to achieve the desired
conductive properties. Additionally, these materials are chemically robust and can survive
harsh manufacturing processes such as energetic ion-beam milling, wet-etching, and plasma
etching without compromising their semiconducting nature or crystal structure. However, some
drawbacks include high processing temperatures (see Table 1.1), the requirement for ultra-high
vacuum during processing, and the use of harsh chemical agents such as hydrofluoric acid for
patterning, all of which contribute to pollution and energy waste. Despite these drawbacks,
inorganic semiconductors are still the primary material for the majority of semiconductor
applications due in part to the existence of advanced nanopatterning methods and mature
processing techniques for these materials, as well as performance and longevity.[3]
In the past several decades, organic semiconductors (Figure 1.2) have emerged as an
alternative to inorganic semiconductors. Organic semiconductors (OSCs) are conjugated
polymers or small molecules that transport charge through a variety of mechanisms, and for
acene-type organic molecular crystals (OMCs), predominantly via delocalized pi-orbital overlap.

4

Much of their promise lies with their mechanical
flexibility, chemical tunability / tailoring, and
low processing temperature.[4] Despite the

Anthracene

entrenched nature of the inorganic semiconductor
market, organic-based devices such as organic
field-effect transistors (OFETs) and organic

Rubrene

light-emitting diodes (OLEDs) are experiencing
N

rapid growth in terms of market share and may
N

eventually displace inorganic semiconductors

9,10-Diphenylanthracene

HN

N

N
NH

in some contexts. Organic semiconductors are

N

[5]

N

oftentimes mechanically flexible, which opens
Phthalocyanine

up the door for a wide array of applications that
Poly(phenylene vinylene) PPV

are inaccessible with materials such as silicon.
These include roll-up displays and solar panels,

Figure 1.2: Chemical structures of various organic
semiconductors. Anthracene, rubrene, and 9,10-DPA
all belong to the acene family. Phthalocyanine is an
example of a cyanine compound. PPV is an example
of a typical polymeric organic semiconductor. Note
the conjugation in all of these molecules.

wearable sensors, and electronic textiles (e.g.
thermoelectric or electronic display fabric), to

list a few of the many unique applications that may exploit the mechanical flexibility of these
materials.
Semiconductors have an electrical conductivity that lies between that of a conductor
(such as metals) and an insulator (such as diamond or rubber). This property can be exploited
for electrical devices. Semiconductors have a medium-sized “bandgap”, ranging from 1-4
eV, which is the amount of energy required to excite an electron from the valence band to the
conduction band. Conductors such as metals have negligible bandgaps, while insulators have

5

large bandgaps. The bandgap can be tuned by introducing doping agents into the crystal structure
(as is the case for many silicon-based applications), or by tuning the molecular structure of the
constituents of the crystal to optimize the charge-transport mechanism (as is the case for many
organic semiconductors, e.g. anthracene versus diphenylanthracene, Figure 1.4). For acene-type
OSCs, the width of the bandgap is dependent on the strength of the pi-pi interactions within the
molecular crystal, which ultimately depend on the intermolecular spacing and orientation of
the constituents of the crystal lattice. An organic molecular material’s bandgap can be tuned by
changing the molecular backbone, as seen with the case of diphenylanthracene. The bandgap
governs important physical properties, including optical characteristics such as fluorescence
wavelength, chemical reactivity such as oxidation potential, and conductivity - making tunability
valuable for engineering the properties of a material.
Bandgaps are the basis for transistor devices, which act as “valves” of sorts for electrical
current - where an applied voltage can open or close the semiconductor channel for charge
transport. An organic field effect transistor (OFET, Figure 1.3) is a simple three-terminal
transistor device fabricated from organic materials, and is a good example of this phenomenon.

VSD

An OFET consists of a gate electrode, a gate
Source

dielectric layer, a semiconductor layer, and a
source and drain electrode. When a voltage is

VSG

the source to the drain electrode, creating

voltage is turned off, electrons can no longer
pass between the source and drain and the

Drain

Substrate

applied to the gate, electrons can flow from

an “open” or “on” state. When the gate

Semiconductor
Gate Dielectric
Gate

Figure 1.3: Example of a typical organic field-effect
transistor architecture. Although top-gated and bottomcontact configurations exist, the configuration pictured
above is optimal due to the electron clouds of the
molecules aligning themselves to the region of highest
polarizability, resulting in a contiguous grain structure.
See chapter 5 for more details.
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Figure 1.4: Crystal structure of anthracene vs. diphenylanthracene. a) Crystal structure of anthracene. b) Crystal
structure of 9,10-diphenylanthracene (DPA). DPA has a higher charge carrier mobility due to optimized overlap
between pi-molecular orbitals. Generated using Mercury 4.0 [78].

transistor is in a “closed” or “off” state.[5]
One of the most important figures of merit for an organic semiconductor is charge-carrier
mobility. Charge-carrier mobility, typically represented in units of cm2 V-1 s-1, measures the
distance that a charge carrier (i.e. an electron or a hole) can travel per unit time for a given
applied voltage. This figure of merit applies to all semiconducting applications involving charge
transport, including OLEDs and OFETs. Field-effect mobility is one factor limiting both the
response time of a circuit, and the amount of current that can be delivered.[39] High refresh rates
and brightness are critical for display applications. For organic semiconductors, the charge
carrier mobility relies on the overlap between delocalized pi orbitals, which are responsible
for charge transport in these materials. This pi-orbital overlap can be tuned by changing the
crystal structure to maximize these types of interactions, as can be seen in anthracene vs.
diphenylanthracene (Figure 1.4). Crystal defects such as grain boundaries will inevitably reduce
the amount of pi-orbital overlap, reducing charge-carrier mobility. These grain boundaries
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can also act as charge traps. The density of grain

Single Crystal

boundaries is directly related to the charge-carrier
mobility in an organic semiconducting layer. Ideal
single crystals (monocrystalline films) have no grain
boundaries, whereas polycrystalline films can have
varying grain boundary densities depending on the

Well-Ordered, Periodic Throughout Entire
Volume

Polycrystalline

individual crystallite sizes (Figure 1.5). Because
of this, monocrystalline active layers tend to have
charge-carrier mobilities that are at least an order
of magnitude greater than their polycrystalline
counterparts.[6] This will be discussed further in

Grain Boundary

Semi-Ordered, Periodic Throughout Each Grain

Section 1.2.

Figure 1.5: Monocrystalline vs. polycrystalline
materials. In a monocrystalline film, there is
long-range order and the constituents of the
crystal lattice are periodic throughout the entire
volume of the crystal. Polycrystalline films are
composed of individual monocrystalline grains
that are separated by grain boundaries, and
have many different orientations throughout the
volume of the crystal.
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1 . 2 : M o n o c r y s ta l l i n e v s .
P o ly c r y s ta l l i n e M at e r i a l s
onocrystalline materials, otherwise known as single crystals, are solids whose
structure is an uninterrupted periodic arrangement of atoms or molecules in a
crystal. Single crystals have only one crystal orientation, and can range from

nanoscale dimensions up to several meters in size.[7] The predicted shapes of some single crystals
can be seen in Figure 1.6. Polycrystalline materials are made up of a collection of single crystals
that are distributed throughout the solid with a range of different crystal orientations. These two
types of material, though identical in terms of their chemical composition, have quite different
properties.[5]
The physical properties of single crystals can be remarkably different than a polycrystalline
material. Typically, electrical and thermal conductivity are both increased in monocrystalline
materials compared to polycrystalline materials.[6, 8] These properties are essential for highgrade semiconductors as high charge-carrier mobility allows for rapid charge transport and
high thermal conductivity allows for rapid cooling. Since single crystals have only one
orientation, anisotropic features are present throughout the entirety of the structure. These
anisotropic features can be exploited for optimal charge transport or heat transport (Figure 1.7)[5],

Figure 1.6: Bravais-Friedel-Donner-Harker (BFDH) calculations for anthracene and pyrene. The theoreticallypredicted, thermodynamically-stable morphology of a single crystal of anthracene (a) and pyrene (b) using a
calculation based on BFDH theory. Generated using Mercury 4.0 [78].

9

anisotropic etching for repeating surfaces,[9]

c

polarization-maintaining optical fibers,[10]
and other applications that take advantage of
anisotropic structures.

b

The advent of manufacturing methods
for monocrystalline silicon was one of

a

Figure 1.7: Anisotropic charge-carrier mobility. The
direction of propagation results in different physical
properties. Image depicts increased mobility in the abplane, but reduced mobility in the c-axis direction. For
anthracene, charge-carrier mobility is anisotropic and is
higher in the ab-plane than in the c-axis direction. Vectors
indicate charge transport mobility.

the most important discoveries of the
20th century. Although preparation of
monocrystalline silicon (mono-Si) is more
expensive and demanding than polycrystalline
silicon, mono-Si is still produced in massive
quantities due to its superior electronic
properties.[11] The absence of grain boundaries
and crystallographic defects in mono-Si help
to improve the reliability and performance
of devices fabricated with it. Discrete
components and integrated circuits tend to
use mono-Si. Unfortunately, the high cost
and demanding manufacturing processes
have ultimately limited mono-Si to mostly

Figure 1.8: Polycrystalline and monocrystalline films
under birefringence contrast.Top image shows a crosspolarized microscope image of a polycrystalline layer
of anthracene. The polycrystalline film is made up of
individual single-crystal grains that are randomly oriented
and appear bright or dark depending on their orientation
with respect to the polarizers. The bottom series of images
show a single crystal of anthracene with a diamondshaped hole being rotated under crossed polarizers.
The single crystal brightens or darkens uniformly upon
rotation.
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small-area applications, while large-area
applications such as photovoltaics and
displays oftentimes utilize less expensive
polycrystalline silicon (poly-Si). Although
photovoltaic (PV) applications are less
stringent and the market share for poly-Si has
been increasing for PV devices, mono-Si is

still the leading form in terms of performance.[11]
Charge-carrier mobility will ultimately dictate many aspects of the performance of a
semiconductor device, as charge-carrier mobility defines how quickly electrons and holes can
propagate through the active layer. This means that for rapid response and high efficiency,
a necessity for most semiconductor applications (pixel refresh rate, clock frequency, and
brightness), a high charge-carrier mobility is required. Monocrystalline films inherently have
much higher charge-carrier mobilities, frequently an order of magnitude or more, than their
polycrystalline counterparts.[6] Mono-Si has a charge-carrier mobility that is greater than 100
cm2 V-1 s-1, polycrystalline silicon can range from 10-100 cm2 V-1 s-1, and amorphous silicon
has mobilities less than 10 cm2 V-1 s-1.[5] For organic semiconductors to compete with silicon,
these charge-carrier mobility targets need
to be met or surpassed. Rubrene and
diphenylanthracene, “superstars” of the
organic semiconductor compounds, have
charge-carrier mobilities around 50 cm2 V-1 s-1
in single crystals.[12]
As mentioned above, charge transport
in organic semiconductors occurs through pi-

Isotropic Grid
( x = y)

molecular-orbital overlap. This means that
[1]

within the active layer of a semiconductor
device, optimized pi-orbital overlap leads
to efficient charge transport. The longrange order of single crystals leads to
maximized charge-transport mobilities for

Anisotropic Grid
(x≠y)

a given organic semiconductor, whereas
polycrystalline thin films have a multitude of
crystals with random orientations that lead to

Figure 1.9: Isotropic grid vs. anisotropic grid. Note that
the lattice vectors are identical in an isotropic grid.
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poor pi-orbital overlap and the presence of
charge traps, which significantly decrease the
charge-transport mobility in polycrystalline
thin films when compared to single crystals.
Charge transport within semiconducting
thin films is largely dictated by the presence
of grain boundaries. Grain boundaries
inherently act as charge traps, where excitonhole pairs can recombine nonproductively
and ultimately reduce the efficiency of a
semiconductor device. Polycrystalline thin

Figure 1.10: Charge mobility as a function of grain size in
octithiophene. Adapted from [6].

films consist of an extended polycrystalline
domain, with the grain boundary density
depending on the average grain size. Larger
grain sizes result in a lower grain boundary
density and thereby device efficiency
increases as grain size increases (Figure
1.10). Monocrystalline thin films consist of
a singular grain and are devoid of any grain
boundaries.[6]

Figure 1.11: Charge mobility in single crystals vs.
polycrystalline films. These results were measured at 20 V
on octithiophene. Adapted from [6].

Single crystals typically have charge-transport mobilities that are orders of magnitude larger
than polycrystalline thin films due to the lack of grain boundaries (Figure 1.11). Single crystals
have long-range order, and the anisotropic properties of the crystal can be used to facilitate
whatever effect is desired. For example, if charge transport is most efficient along the ab-plane
in a crystal (as is the case for anthracene), then the electrodes can be placed onto the crystal in
a fashion that aligns the ab-plane with the direction of charge transport (see Figure 1.7). This
anisotropic long-range order can also be exploited for phonon transport, which determines the

12

thermal conductivity of the crystal and is important for thermoelectric applications.

Many grain boundaries and lattice mismatches
result in reduced charge-carrier mobility

Lack of grain boundaries and lattice mismatches
results in increased charge-carrier mobility

Figure 1.12: Charge traps in polycrystalline films. Some of the most likely sources are grain boundaries, lattice
defects, chemical impurities, and surface roughness at the substrate-semiconductor interface. Arrows are charge
mobility vectors, with a larger vector indicating larger charge mobility. The top and bottom images have the same
total area, with different grain sizes.
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C

1.3: Photonic, Phononic, and
P l a s m o n i c C r y s ta l s

onstructive and destructive interference effects (Figure 1.13) can greatly affect the
propagation of wavelike quasiparticles such as photons, phonons, and plasmons.[13-15]
This phenomenon can be seen in nature, where “structural color” arises from periodic

patterns that are on the order of the wavelength of light (400-800 nm). The blue wing of the
Morpho rhetenor butterfly,[16] the iridescent flecks on the feathers of a peacock,[16] the opalescent

hull of a Eupholus magnificus beetle,[17] and the ever-changing skin of a chameleon[18] all owe
their coloration to photonic crystals - crystals with periodic patterns that affect the propagation of
light through their structures and forbid or allow specific wavelengths to proliferate. The striking
color of these natural photonic crystals comes from the fact that since a particular wavelength
may be forbidden from propagating through the structure, it will be reflected from the surface
to give the material the appearance of being colored. The forbidden wavelengths are described
as a “photonic bandgap” (PBG), analogous to an electronic bandgap found in semiconductor

Constructive Interference

Destructive Interference

+

+

Figure 1.13: Constructive and destructive interference. Waves that are in phase will add constructively to create
another wave with the same wavelength but a larger amplitude. Out-of-phase waves will add destructively, resulting
in a decreased or entirely eliminated amplitude.
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materials. If the nanostructure of these materials is compromised, the photonic bandgap can be
altered or even entirely eliminated. This is the basis for photonic crystal sensor devices, which
are functionalized photonic crystals that have a periodicity/PBG that is affected by binding of
a target analyte. Additionally, these photonic structures are frequently utilized in laser cavities
and waveguides, as the incorporation of a “fault” within a region with a photonic bandgap will
allow photons of the selected wavelength to resonate through these faults (Figure 1.16).[14] Onedimensional, two-dimensional, and three-dimensional photonic crystals (Figure 1.14) can be
found both in optoelectronics and in nature.
Although the visible spectrum is a common range of frequencies to explore using photonic
crystals, the entirety of the electromagnetic spectrum is subject to the same constraints. This
allows for manipulation of any wavelength of light, including lower-energy rays such as infrared
wavelengths (for thermal photonic applications)[19] and microwave or radio wavelengths (for
telecommunications or long-range detection)[62], or higher-energy rays such as x-rays (for
medical imaging and radiation therapy applications).[61] Thermal photonic crystals can be used
for applications such as thermal management in solar devices,[19] and infrared camouflage for
military applications.[20] Photonic crystal fibers (Figure 1.15) are the basis for much of our
telecommunications infrastructure, and control over the propagation of microwave and radio
wavelengths is exceedingly important for a wide array of telecommunications applications.

1-D (Bragg Reflector)

2-D (Photonic Crystal Slabs & Fibers)

3-D (Inverse Opal)

Figure 1.14: 1D, 2D, and 3D periodic structures. These correspond to the same dimensions for photonic, phononic,
and plasmonic crystals.
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Photonic bandgaps can be calculated

a)

using Maxwell’s equations. An interesting
feature of photonic band structures is that
they are size invariant, i.e. they can be scaled
uniformly for a given pattern.[14] For example,

b)

photonic crystals that have relatively large
periodicities, such as those that would interact
with the microwave or infrared spectrum (i.e.
micron or millimeter scale), can be used to
perform experiments before scaling down to
the visible light spectrum or smaller. This is a

Figure 1.15: Photonic crystal fibers. a) High-index
photonic crystal fiber. b) Low-index photonic crystal
fiber. These fibers are used for low-loss waveguiding in
telecommunications.

common prototyping technique as it is generally less equipment-intensive in terms of patterning
as the scale becomes larger, i.e. milliscale structures are more easily fabricated than nanoscale
structures.
In addition to control over the propagation of photons, periodic patterns can also allow
for control over the propagation of phonons, another wavelike quasiparticle. Phonon transport
ultimately governs several physical properties of materials, including optical, electronic, thermal,
and mechanical properties.[15] Thermal conductivity is of particular interest due to potential
applications such as heat guiding and heat focusing for use in devices such as thermoelectric
generators, thermal lenses, and thermal management in microprocessors or solar cells.[15, 21-23]
Thermoelectric generators and peltier thermoelectric devices require the interface between the
hot and cold sides to be thermally insulating in order to maximize the efficiency of the device.
Therefore, by utilizing a phononic crystal pattern in order to control the thermal conductivity of
the semiconductor layer, it is possible to create more efficient devices by imparting these periodic
structures.
Finally, it is important to discuss plasmonic metamaterials, which are essentially a periodic
dielectric material that has had a plasmonic material such as gold added to it. Surface plasmon
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Reflectance of incident wave

Photonic Crystal Slab

Coupling of incident wave to cavity

L1 Resonant Cavity

Coupling of incident wave to waveguide

Waveguide
Figure 1.16: Photonic crystal slabs. These examples show how “defects” incorporated into a photonic crystal slab
can act as resonant cavities or waveguides.

polaritons can be generated on periodic surfaces that have such a metal-dielectric interface.
When light impinges onto the surface, surface plasmons are excited by, and coupled to, incident
light and self-sustaining surface plasmon polaritons propagate through the structure. Since
photonic crystals are made of dielectric materials, they can be coated with a metal layer such as
gold in order to create a plasmonic metamaterial.[15] Surface plasmon resonance (SPR) sensing
is a technique that is being used as a high-sensitivity, label-free measurement technique for the
detection of (bio)molecules.[24]
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C

1 . 4 : C u r r e n t S tat e - o f - t h e - A r t
Fa b r i c at i o n T e c h n i q u e s

urrently, polycrystalline thin films are the most commonly used form of organic
semiconductor active layer for several reasons. In a dry deposition environment,
the critical nucleus size of these materials is extremely small (Figure 1.18), and the

average crystallite size is typically on the nanoscale or the microscale.[25] Similarly, since most
of these materials (with the exception of those with an engineered, solubilized functionality such
as TIPS-pentacene) have a low solubility, evaporation of a saturated solution results in nanoscale
or microscale crystals unless the growth time is exceedingly slow - on the order of days or even
weeks.[26] Since the typical feature size for applications such as pixel arrays is much larger than

the average crystallite size, these deposition techniques tend to form polycrystalline films rather
than a monocrystalline active layer.
One prominent deposition and patterning method is evaporation through a fine metal
mask or “shadowmask”, which can be wasteful due to material being left on the mask itself
(Figure 1.17).[27] Another common method, currently used by Universal Display Corporation for
commercial OLED display manufacturing and based on a Princeton patent, is organic vapor jet
deposition (OVJP). OVJP utilizes small jets to precisely deposit these thin films into the desired
positions. This technology was developed by professors Forrest and Benziger at Princeton.
[28]

a)

There also exist modified inkjet printers which can deposit organic materials suspended in
Thin metal sheet

b)

Substrate
Polycrystalline
Gas stream or inkjet
semiconductor
film (pixel)
Nozzle

Perforation array

Figure 1.17: Shadow mask and OVJP deposition. a) Illustration of a shadow mask, also known as a fine metal mask.
A thin metal sheet is perforated, and semiconductor material is evaporated through the holes in the metal sheet and
onto the substrate. b) Cartoon depiction of OVJP and inkjet deposition. A nozzle moves across the substrate and
deposits semiconductor material directly onto the substrate.
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solution to a substrate with ~2 micron resolution
and can be used to pattern organic semiconductor
layers.[29] Although all of the above methods have
been demonstrated to work for device fabrication,
there are a few notable limitations.
Growth of milliscale crystals from
evaporable small molecule materials is not
Figure 1.18: Critical nucleus size in vacuum vs.
OVLS environment. Bar graph shows the critical
nucleus size for various organic semiconductor
materials under these conditions. Adapted from [25].

accessible without prohibitively long growth
periods, and is not practical with semiconductor
ink formulations due to the low solubility of

these materials. Patterning monocrystalline layers with bottom-up, additive processes is difficult
as the crystals tend to grow in a polycrystalline thin film rather than single crystal sheets due
to the small critical nucleus size in vacuum environments and the low solubility in liquid
environments. Targeted nucleation of single crystals using surface modification processes such as
the application of a self-assembled monolayer is possible, but the upper limit on size is relatively
low (dozens of microns).[30] Mesoscale single crystals of TIPS-pentacene have been grown using
a spray-printing method, but require a solubilized organic semiconductor.[31]
In summary, the main limitations of the current state-of-the-art deposition methods are that
the critical nucleus size is small in a vacuum environment, and the solubility is low in a liquid
environment. This means that for vacuum-deposited films, the average crystallite size will be
small and the grain boundary density will be high; high grain-boundary density results in poor
charge transport mobility. For pre-saturated semiconductor inks, the monomer supply runs out
quickly due to the low solubility of organic semiconductor materials in solvents, and only small
crystals can be grown. OVLS deposition has the potential to overcome these hurdles by utilizing
the large critical nucleus size in a liquid environment, and providing a continuous monomer
supply with an impinging gas stream to overcome the limited monomer supply due to low
solubility. This will be discussed further in Section 2.3.
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1 . 5 : O r g a n i c Va p o r - L i q u i d - S o l i d
(OVLS) Deposition

O

rganic Vapor-Liquid-Solid (OVLS)

Substrate
Liquid layer

deposition is a technique that
can be used to grow large, planar

Impinging
monomer
stream

organic molecular crystals. The original
VLS technique was developed in the 1960’s

Carrier gas
(optional)

for silicon nanowire fabrication.[32] Instead
of evaporating the solvent from a saturated
solution, or evaporating monomers directly onto
a dry substrate, monomers are evaporated into
a liquid layer (Figure 1.19). This differs from
saturated solution evaporation in that monomers

Figure 1.19: OVLS deposition setup. Monomer is
fluxed into a liquid layer that coats the substrate.
Monomer can be transported via a carrier gas or
simple diffusion.

are continuously supplied to the solution/film. There is an induction phase, a burst nucleation
phase, and a growth phase. As monomer concentration increases, there is eventually a level of
supersaturation that reaches the critical concentration for crystal nucleation. At this point, there
is a burst of nucleation due to the relatively constant concentration throughout the liquid thin
film. However, each nucleated crystal now acts as a “sink” and monomers aggregate onto its
surface. This causes the local monomer concentration around each crystal to decrease below the
critical concentration, and local nucleation is suppressed. Once this stable island formation has
occurred the number of crystals on the sample remains constant, and these crystals continue to
grow as monomers are fluxed into the solution. One of the most important differences between
OVLS deposition and dry deposition is that in solution, the critical nucleus size is far larger
than on a dry substrate, oftentimes by an order of magnitude or more.[33] This results in a greatly
increased average grain size, which is directly related to charge transport and device efficiency.
Additionally, the chemical potential of the monomer is sustained by the impinging monomer gas
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in an OVLS environment, allowing for indefinite crystal growth after nucleation. In the case of
evaporating the solvent from a saturated solution, the chemical potential of the monomer moves
rapidly towards equilibrium after nucleation, ultimately limiting the final size of the crystals.
Although this thesis uses a spin-coating technique to create the liquid thin film, which is
wasteful in terms of solvent materials and is inherently low throughput, the same deposition
technique can be achieved with liquid coating methods that are better suited to scaled up
processes such as spray-coating or dip-coating.
An inherent advantage of OVLS deposition is that the flux rate for the entire solution can
be finely tuned until the nucleation period begins. In the evaporation of a saturated solution
method, the receding front of the evaporating solvent will have the highest concentration and
the monomer landscape becomes skewed near that evaporation front. This is true for both
large-scale polycrystalline thin films and inkjet deposition setups. In the case of evaporating a
solid onto a bare, dry substrate, the critical nucleus size is too small to allow for the growth of
single crystals beyond the low end of the microscale (Figure 1.20). By tuning the flux rate in the
OVLS deposition setup, it is possible to control many important aspects of crystal growth. This
includes crystal thickness, lateral size, bounding perimeter shape, internal topology, specific

Substrate
Photoresist pattern
Patterned material
(monocrystalline)
Residual liquid layer

Patterned material
(polycrystalline)
Shadowmask pattern
Wasted material
deposited on mask

Figure 1.20: OVLS deposition vs. shadowmask deposition. OVLS provides patterned monocrystalline films, while
shadowmask deposition provides patterned polycrystalline films.
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site placement, orientation, and phase. Access to control over all of these crystal characteristics
is crucial for a wide array of crystal growth applications, including optoelectronic device
fabrication and the growth of pharmaceuticals.
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1.6: Photolithography

P

hotolithography is a mature

O

patterning method dating back

O

O

O

O

O

O

O

to the 1950’s. This technique

was developed at the National Bureau of
Standards for the U.S. military, with the goal
O

O

of reducing the size of electronic circuitry.
[34]

It is still the dominant manufacturing

technique for semiconductor devices today.

O

O

O

O

O

O

Figure 1.21: Chemical structure of SU-8 photoresist.
Each molecule houses eight epoxy groups, hence its
name.

Standard photolithography processes with

Triarylsulfonium Salts (Photoacid Generator)

i-line radiation (365 nm) have a pitch

hv

SX

H X

+

sideproducts

3

resolution of around 2 microns, while

Cross-LinkingReaction

advances in experimental methods such
as extreme deep ultraviolet (~13.5 nm)

SbF6X-

R
O

photolithography, immersion lithography,

R

R
R

X

X

O

O

R

O

O

electron beam lithography, and x-ray
R

lithography have allowed for pattern sizes as

O

small as 1 nanometer in 2017.

[35]

R
O

Photolithography involves coating a

R

etc.

substrate with a photoactive compound, and

O
R

then selectively irradiating portions of that
layer to achieve the desired template pattern.

X

O

Figure 1.22: Reaction pathway of SU-8 photoresist.

Initially, photoresists required one photon per
molecular event, which meant that resolution and throughput were limited. In the 1980’s, IBM
researchers developed “chemically amplified” resists which were much more sensitive to light
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and could undergo many molecular

Substrate

events per photon.[36] There are different
chemical formulations that behave in an

Photoresist
Substrate

opposite manner when irradiated - there
are negative-tone resists, which undergo

UV radiation
Photomask
Photoresist
Substrate

cross-linking reactions when irradiated
and become insoluble in developer

Positive-tone
resist

solution, and there are positive-tone

Negative-tone
resist

resists, which become more soluble in
the developer solution once irradiated
(Figure 1.23).
In this lab, our light source

Irradiated areas are removed

Irradiated areas remain

Figure 1.23: Illustration of negative- vs. positive-tone resist
patterning. UV cross-links negative-tone resists, but dissolves
positive-tone resists. This results in opposite, inverted patterns
for the two different techniques.

equipment is limited to i-line radiation
and therefore we are limited to a pitch
resolution of about 2 microns. We
utilize both negative-tone (SU8, NR9)
and positive-tone (PR1) resists. SU8
(Figure 1.21 and 1.22) is a common
photoresist and has appealing qualities
such as biocompatibility once crosslinked and a relatively low-toxicity
developer solution (propylene glycol
methyl ether acetate).[37] However, SU8

Figure 1.24: Atomic force micrograph of a photoresist pattern
fabricated with SU-8. Pillars and edges are 2 microns wide.

is nearly impossible to remove from the final device without a release layer, as its cross-linked
state is extremely durable.
For applications that require removal of the photoresist, NR9 and PR1 are more readily
removed. NR9 is a “strippable” photoresist with a negative-sloping sidewall profile that allows
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Photomask, Quartz
(Transparent)
Photomask, Chrome
(Opaque)

for removal of the cross-linked photoresist
with organic solvents such as isopropanol.
PR1 is a positive tone resist, and is the
most easily removed as it simply requires

UV Radiation

an additional irradiation and developer
step in order to dissolve the photoresist
template (no permanently cross-linked

Photoresist

molecules are involved).

Substrate

SU8-2000 is a bisphenol A
Photomask, Quartz
(Transparent)
Photomask, Chrome
(Opaque)

novolac epoxy resin that is dissolved
in cyclohexanone along with
triarylsulfonium and hexafluoroantimonate
salts as photoacid generators. The cross-

UV Radiation

linking process begins when monomers
are activated by ultraviolet irradiation.

Photoresist

Significant polymerization does not occur

Substrate

until heat is applied to the layer during the

Figure 1.25: Effects of linewidth variation. Illustration depicts
the effect of linewidth variation on large features vs. on small
features. For a given photoresist, there will be some degree of
linewidth variation that adds to or subtracts from the nominal
feature size. This value is typically on the order of 1 micron.
Small features are affected to a greater degree, and this effect
limits the resolution of the photoresist.

post-exposure bake, and the high degree
of crosslinking that occurs during this step
leads to the formation of the sturdy SU8
structures.

Over- or underexposure of the photoresist can result in linewidth variations and ultimately
reduces the fidelity of the pattern (Figure 1.25). It is important to verify that the photolithography
pattern is of sufficiently high quality before depositing crystals, especially in the case of
patterns with a tight pitch. Patterns with small pitches are the most affected by this issue, as a
linewidth variation of 2 microns would either result in complete fusing or complete removal of a
photoresist pattern that has a 2 micron pitch.
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Chapter Two

Background & Motivation

2.1: Organic Semiconductors and
their Promise

O

rganic semiconductors (Figure 2.1) are of interest to the materials science
community due to their unique physical properties. Early in the 20th century, it was
discovered that anthracene crystals have semiconducting properties and can act

as photoconductors. It was not until almost fifty years later that anthracene became one of the
prototypical compounds for the exploration of the physical properties of aromatic molecular
crystals.[38] Electrophotography, or xerography, was one of the first practical applications of

the photoconductivity of these types of materials, and was pioneered by C. F. Carlson with
anthracene. Although inorganic materials (namely, selenium) eventually superseded anthracene

anthracene

pentacene

tetracene

Si

9,10-diphenylanthracene

rubrene

Si

tips-pentacene

Figure 2.1: Chemical structures of fused acenes and their analogues. By adding groups to the chemical backbone
via organic synthesis techniques, it is possible to tune the physical properties of the resulting crystal. Fluorescence
wavelength can be increased by enlarging the size of the particle in a box, as is the case for anthracene vs. tetracene
vs. pentacene. 9,10-diphenylanthracene and rubrene have had “paddles” (phenyl groups) added in order to increase
pi-molecular orbital overlap and the charge-carrier mobility. TIPS-pentacene has had silicon groups attached to
promote solubility.
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Figure 2.2: Photograph of a
flexible substrate with patterned
crystals.

Figure 2.3: Photographs of thermal evaporator and hot-plate setup.
a) Photograph of a thermal evaporator, which is required for inorganic
semiconductor deposition. The average cost for one of these instruments is
typically five figures, requires a large amount of space, and has a large carbon
footprint. b) Photograph of a hot-plate deposition setup, which can cost
between $100 - $1000 depending on the hot plate.

for this purpose, modern photocopy machines typically utilize organic photoreceptor materials.
The anisotropy of electrical conductivity was first described in anthracene crystals in 1953 by
Mette and Pick, and demonstrated that charge-carrier mobility was an order of magnitude larger
in the ab-plane as opposed to the c-axis.[38]
As discussed in Chapter I, organic semiconductors have the potential for low processing
temperature and vacuum-free deposition, which are boons in an age where environmental
outcomes are becoming increasingly important. The extremely high temperatures (>2000 degrees
Celsius) needed for inorganic semiconductor processing are typically achieved in massive
furnaces or thermal evaporators (Figure 2.3), which create vast amounts of pollution, and
vacuum processes are similarly detrimental to the environment as they consume large amounts
of energy. In fact, “solution-processable OSs have a shorter energy payback time when compared
with silicon-based photovoltaics, owing to their lower-energy manufacturing processes (mostly
enabled by printed electronics and low-temperature chemical synthesis)”[39] & “In particular,
the operating time needed to recover the energy invested in making an OPVC, that is, its energy
payback time, can potentially be reduced to days (1, 2), whereas it is on the order of years for
conventional technology”[40]. Additionally, the ability to alter the chemical constituents via
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standard organic chemistry processes allows for a great deal of flexibility in terms of chemical
properties, including solubility (e.g. TIPS-pentacene), conductivity (e.g. diphenylanthracene),
excitation or emission wavelength (rubrene), and other physical properties important for
materials engineering (Figure 2.1, Figure 2.4). The mechanical flexibility (Figure 2.2) of these
molecules also opens the door to a huge number of applications that are inaccessible with
inorganic materials such as silicon - for example, the silicon crystals in a typical solar cell or
display will shatter when bent, whereas an organic solar cell or display can have a great degree
of flexibility.
The work in this thesis demonstrates that it is possible to fabricate complex device
architectures with relatively rudimentary equipment. This may even be feasible for use in high
schools or undergraduate laboratories, given that the proper materials are available. Members
of this lab trained a high school student and several undergraduate researchers how to fabricate
photolithography templates and how to deposit organic molecular crystals onto these templates
with great success, and they were able to create high-quality samples independently.

Molecule

Absorption

Benzene

254 nm

Naphthalene

311 nm

Anthracene

375 nm

Tetracene

471 nm

Pentacene

582 nm

Figure 2.4: Optical absorbtion peaks of various acenes. This is demonstrative of the “particle in a box” phenomenon
that arises from increased conjugation length. Adapted from [38].
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2 . 2 : A p p l i c at i o n s i n
Optoelectronics and Medicine

A

pplications such as photodetector arrays, integrated circuits, OLED displays, microelectromechanical systems, lasers, solar cells, microprocessors, MEMS devices,
and (bio)molecular detectors require that semiconductor layers can be deposited into

specific spatial positions with particular shapes and sizes. This requires patterning techniques that
are able to produce highly uniform crystals in precise locations. For an 8K OLED display (the
current generation of ultra-high resolution displays), the screen resolution is 7680 x 4320 pixels,
which translates to over 33 million individual OLEDs on a single device. This requires a patterning method that can effectively create 33 million organic semiconductor stacks that are highly
consistent with minimal variation in terms of shape, size, and spatial positioning (Figure 2.5). A
deposition method that allows for highly precise selective spatial nucleation is critical for these
types of applications. This will be described in greater detail in Section 3.5.
Control over the nano/microscale topology of the crystal, such as incorporating arrays of
holes, allows for applications that utilize the features of photonic, phononic, and plasmonic
crystals (as described in Section 1.3). Notably, photonic crystals are seeing increasing use as
(bio)molecular detectors.[41] The surface of a photonic crystal can be functionalized with a group

that binds to a target molecule, such as antibodies for binding viruses. When the virus binds
RGB Pixel
Blue Subpixel

Figure 2.5: Pixel array illustration. Not to scale. RGB pixels and individual subpixels are outlined.
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to the photonic crystal functionalized with antibodies, the periodic structure of the crystal is
disrupted, and the photonic effects are eliminated or shifted (Figure 2.6). This can be measured
in a variety of ways including reflectance measurements, transmittance measurements, or other
optical testing. In fact, if the photonic bandgap lies in the visible region, it is possible to have
a color change occur that is visible to the naked eye and requires no advanced equipment.
This is highly desirable for disease identification in poorer nations, where access to scientific
instrumentation may be limited. The ability to perform pathology tests in a low-cost manner
without the need for instrumentation could greatly benefit societies where viral and bacterial
diseases are prevalent and simple tests are not always available.
Another application for photonic crystals is drug delivery.[42] Since photonic crystals have a
porous structure, they can be loaded with drug molecules for administration into a patient. As the
drug seeps out of the photonic crystal structure, the photonic bandgap will be affected and this
can be monitored via measurements for non-visible PBGs and via the naked eye for PBGs in the
visible spectrum.

Antibody
Photonic Crystal
Transparent
Substrate
Blue Reflectance

Virus Bound to
Antibody

Red Reflectance

Figure 2.6: Illustration of a photonic crystal biosensor. A photonic crystal is coated with antibodies, and the
photonic bandgap selectively reflects a specific wavelength. Upon binding to viral bodies, the photonic bandgap is
affected and the reflection wavelength shifts, allowing for detection of viruses. Adapted from [41].
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2 . 3 : L i m i tat i o n s o f C u r r e n t
Deposition Methods

urrent methods are largely focused on deposition of polymeric or crystalline
semiconductors suspended in an ink solution, or evaporation of crystalline materials
into a polycrystalline thin film. Polymeric semiconductors have a higher solubility

than their crystalline counterparts, making solution-based processes more accessible. However,
they are amorphous in nature and lack the higher charge-carrier mobility that is associated with
evaporable crystalline compounds.[38]
For evaporation-based processes, single crystals have superior charge transport properties
and are therefore more desirable for semiconductor applications.[6] Unfortunately, the current

state-of-the-art methods for evaporation-based deposition are onto dry substrates.[28] Dry
deposition methods necessitate polycrystalline thin film deposition as the critical nucleus
size is extremely small (usually less than ten monomers)[33], and monocrystalline films larger
than a few microns cannot be easily grown this way. Although it is possible to suspend these
crystalline compounds in a solution, evaporation of a saturated solution also has issues due to
the low solubility of the majority of these compounds, and large crystals can only be grown over
prohibitively lengthy timescales (compounds with solubilizing features such as TIPS-pentacene
are an exception, however they are relatively expensive).[26, 31]
For most solution processing methods, polymeric organic semiconductors are frequently
utilized since their solubility is higher than evaporable crystalline compounds such as fused
acenes. Evaporable compounds have superior charge transport properties due to their intrinsic
order - therefore, having processes that are compatible with these materials is desirable.
Unfortunately, polycrystalline thin films fabricated from evaporable compounds suffer from
significantly reduced performance when compared to single crystals. It is imperative that
methods for patterned single crystal deposition of evaporable materials be developed.
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T

2 . 4 : A d va n ta g e s o f t h e O V L S
Deposition Method

he OVLS deposition technique has several advantages over traditional fabrication
techniques. Primarily, there are three broad advantages: increased grain size, the ability
to process relatively insoluble materials, and control over features that are important

for crystal engineering. The first two items will be addressed in this section, while crystal
engineering features such as site-specific nucleation, phase-selective deposition, and internal
topology will be discussed in greater detail in Chapter III.
OVLS deposition inherently increases the average grain size, which translates to increased
device efficiency and performance due to an increase in charge carrier mobility.[6, 33] This makes
OVLS deposition appealing when compared to dry substrate growth when considering grain
boundary effects, as a monocrystalline film may in fact be entirely free of grain boundaries
while a polycrystalline film will have some degree of grain boundary density. In fact, single
crystals with sizes from the microscale up to the milliscale are accessible using OVLS methods,
so it is possible to fabricate entire arrays of semiconductor stacks entirely from individual
single crystals (monocrystalline films) instead of polycrystalline thin films, without any postprocessing such as etching. Post-processing techniques, although possible, tend to damage
the organic semiconductor layer to some extent.[43] Our group has demonstrated that patterned
crystal sizes can be as small as 2 x 2 microns, or as large as 3 x 3 mm - all accessible within
a time frame on the order of hours rather than days or weeks. Shifting from polycrystalline
films to monocrystalline films could theoretically improve the performance of devices by an
order of magnitude or more; if organic semiconductor materials are to eclipse their inorganic
counterparts, this is the type of performance increase that will be required.
The majority of acene-type organic semiconductor materials are not always thought of
as solution-processable due to their low solubility - however, by continuously providing new
monomers with an impinging gas stream, many of the limitations imposed by the low solubility
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of the materials can be overcome by utilizing an OVLS deposition technique. This lifts the
strict limitations imposed by traditional inkjet-type deposition techniques, which require that
a molecule has a high solubility in the semiconductor ink solution so that a large amount of
semiconductor material can be delivered in every inkjet droplet. Increasing the processability
of low-solubility materials can greatly increase the value and potential for the use of these
compounds in organic semiconductor devices.
Important aspects of crystal engineering include five categories that can all be finely tuned
using OVLS deposition: nucleation location, bounding perimeter shape, internal topology, crystal
phase, and orientation. Control over all of these aspects will be demonstrated and discussed
in detail throughout chapter three, with each category receiving its own treatment in a specific
section.
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Chapter Three

Shape Engineering and
Microscale Patterning

3 . 1 : P h o t o l i t h o g r a p h y Pat t e r n s

O

ur photolithography patterns cover a wide range of potentially useful shapes and
architectures for optoelectronic applications (Figure 3.1-3.3). These include periodic
patterns such as arrays of pillars, which can be used to fabricate ultrathin perforated

crystal slabs (these will be discussed in further detail in Section 3.3). These patterns demonstrate
control over the internal topology of these crystals. The inverse of this pattern, an array of holes
in a photoresist layer, allows for selective deposition into specific spatial sites; this is useful for
applications requiring arrays of organic stacks such as OLED or OFET arrays and demonstrates
control over specific site nucleation. Another pattern is an array of concentric rings, which can
be used for applications such as optical ring resonators. Also included are more exotic shapes
such as letters and raster patterns. These demonstrate a high level of control over the bounding
perimeter shape of these organic single crystals. Finally, we include patterns that combine the

Figure 3.1: 3D renderings of photolithography templates. Images depict the photoresist patterns in grey, with
fluorescent blue crystals grown within the patterns.
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above templates, demonstrating the ability to internally pattern the topology of a single crystal
while defining a bounding perimeter. The combination of these three key features - specific site
nucleation, internal topology control, and bounding perimeter shape control - demonstrate the
wide-ranging applications and versatile nature of this deposition method for a variety of organic
molecular materials device fabrication processes.

Figure 3.2: Atomic force micrographs of various photolithography templates. Depicted are a concentric ring array, a
diamond-shaped well, a pillar array with a rectangular bounding perimeter, a pillar array with a serpentine bounding
perimeter, and letter-shaped wells spelling out “WWU”.

Figure 3.3: CAD renderings of complex photolithography templates. These include an orca with Native American
symbols, a two-tone version of van Gogh’s “Starry Night”, an image from the Lascaux cave paintings, and
illustrations of salmon.
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S

3.2: OVLS Deposition on a
Pat t e r n e d T e m p l at e
ince the critical nucleus size in a liquid environment is much larger than in a dry
environment, and monomers are continuously supplied to the system, OVLS deposition
is a facile technique for growing milliscale crystals with microscale periodic features

within a bounding perimeter. We have demonstrated control over specific site nucleation, internal
topology, and overall shape. Additionally, we have demonstrated a combination of these features
for a high level of control over many important aspects of active layer fabrication. These features
will be addressed in full detail in Section 3.3-3.5
OVLS deposition in a patterned template follows a simple procedure - coat a patterned
substrate with a low vapor pressure solvent, and evaporate the organic semiconductor compound

Figure 3.4: 3D rendering of OVLS deposition on a patterned template. 1) Bis-2-ethylhexyl sebacate, a low vapor
pressure solvent, is coated onto a substrate patterned with SU8 photoresist. 2) Spin-coating brings the liquid layer
thickness below the surface of the SU8 pattern. 3) Anthracene, or another comparable material, is evaporated into
the liquid layer. 4) A patterned single crystal forms within the SU8 template.
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into that solvent layer (Figure 3.4). Crystals nucleate within the liquid layer and grow into a
pattern that is defined by the template. Crystals are constrained to the thickness of the liquid
layer, and we have demonstrated aspect ratios as high as 1000:1 (3 microns thick by 3000
microns wide). Crystals grown in a template with obstructions such as arrays of pillars will
circumnavigate the obstructions within the plane of the liquid layer, making it possible to impart
extraordinary topologies such as arrays of holes.
As van der Waals’ forces are the dominant intermolecular force in these compounds, their
boiling and flash points are at relatively low temperatures. This makes it possible to evaporate
these compounds using a simple hot plate setup (Figure 3.5).

Figure 3.5: 3D rendering of OVLS hot-plate deposition setup. A glass slide with the material to be deposited is
placed on a hot plate, a glass cylinder is placed atop the slide, and a liquid-coated template is placed upside down at
the top of the cylinder. As heat is applied, monomer gas is carried through the cylinder to the templated slide at the
top.
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3 . 3 : P e r i o d i c Pat t e r n i n g f o r
Wav e l i k e Q u a s i pa r t i c l e s
eriodic patterning can allow for control over the propagation of wavelike quasiparticles
such as photons, phonons, and plasmons. In this study, I demonstrate that OVLS
deposition can be used to fabricate perforated single crystals. For the sake of

argument, photonic bandgaps were calculated for anthracene crystals with an arrangement of
holes in square and hexagonal lattices (Figure 3.6 and 3.7). Square-lattice structures have been
successfully fabricated using the OVLS technique at 2, 5, and 10 micron pitches (Figures 3.8 3.17), corresponding to the infrared spectrum. Calculations were performed using MIT Photonic
Bands (MPB), a package developed at the Massachusetts Institute of Technology.
Since the pitch resolution of our current photolithography equipment is limited to ~2
a
r
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Figure 3.6: Photonic band diagram for a hexagonal lattice.
Calculated with MIT Photonic Bands, which uses the finitedifference time-domain method. Red bands indicate transverse
magnetic frequencies, while blue bands indicate transverse electric
frequencies. A photonic bandgap for transverse magnetic modes is
indicated in yellow. This band structure corresponds to a hexagonal
lattice of dielectric rods in air for a dielectric ratio of 4:1 - the values
for anthracene and air.
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Figure 3.7: Hexagonal vs. square lattices.
Both may be used for photonic crystal
design, though hexagonal lattices tend to
have larger bandgaps and are used more
frequently for that reason. Values for the
ratio r/a typically range from ~0.25 - 0.49.

microns, and the photonic bandgap is limited to about twice the size of the pitch, our patterns
theoretically allow for control over photons with wavelengths ranging from ~4 microns to ~20
microns (Figures 3.9 - 3.17). To test the versatility of this patterning method, several pitches
and shapes were tested. Figure 3.8 shows anthracene growing within a template that has square
pillars that are 10 microns in size. Additionally, 5 micron and 2 micron pillars were also shown
to produce periodically patterned crystals of several compounds, including pyrene, perylene,
tetracene, and naproxen (Figure 3.9). Pillar shapes such as circles and crosses led to similar
results (Figures 3.10 and 3.11), demonstrating that the growth method is applicable to a wide
range of shapes, sizes, and materials.

Figure 3.8: Perforated single anthracene crystal with a square-shaped pillars. Pillars are 10 microns across. Top
row: Fluorescence and AFM images. Bottom row: crystal imaged under crossed polarizers, showing uniform optical
extinction upon rotation.

Photonic bandgaps can have varying widths depending on the shape of the photonic crystal.
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Figure 3.9: Cross-polarized micrographs of perforated crystals of perylene (a) and naproxen (b).

Figure 3.10: Perforated single anthracene crystal with cross-shaped pillars. Pillars are 5 microns across and 5
microns in height. a) Fluorescence images. Crystal is perforated for several millimeters. b) Atomic force micrograph
showing that the crystal encircles the cross-shaped pillars. c) Crystal imaged under crossed polarizers, showing
uniform optical extinction upon rotation that indicates single crystallinity.

Figure 3.11: Perforated single pyrene crystal with circular pillars. Pillars are 2 microns across and 5 microns in
height. a) Fluorescence image. b) Atomic force micrograph.
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A photonic crystal’s band gap is especially affected by the dielectric contrast, ε1/ε2, and the
size of the pillars in comparison to the pitch, r/a. Higher dielectric contrasts tend to impart a
wider photonic bandgap, with ~1.25 being close to the lower limit for dielectric contrast,[60] and
some applications using contrasts of 12 or higher.[14] Anthracene crystals with air holes have
a dielectric contrast of 4. For the geometry of the pattern, r/a ratios between 0.25-0.49 tend to
have a photonic bandgap for both hexagonal lattices and square lattices (Figure 3.7). These

Figure 3.12: Perforated single anthracene crystal with r/a < 0.25. a) Fluorescence micrograph of perforated single
crystal of anthracene. Inset shows cross-polarized microscope image of area as well as another fluorescence
micrograph at a lower magnification. b) Atomic-force micrograph. c) Birefringence contrast images showing
uniform optical extinction.

Figure 3.13: a) Perforated single anthracene crystal with r/a < 0.125. b) Perforated single anthracene crystal with an
intentional defect incorporated into the lattice. Pillars are 2 microns in a, and 10 microns in b.
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features can be adjusted as necessary in order
to maximize the bandgap, or to tune the size
of the bandgap for applications such as optical
bandpass filters. OVLS deposition can deposit
crystals with different r/a ratios (Figures 3.12
and 3.13a), which translates to a great amount
of tunability for photonic bandgap applications.
“Faults” in the form of a break in periodicity can
be incorporated into the lattice to create resonant
cavities for applications such as photonic crystal

Figure 3.14: Anthracene crystals in discrete wells
with a defined topology. Each well has 72 pillars that
are 5 microns wide arranged in a square lattice. This
proof-of-concept demonstration shows the versatility
of this growth technique and could be applied to
create “many-well plates” of photonic crystals.
Sample grown by Haley Doran.

lasers, and these types of structures have also been demonstrated using OVLS deposition (Figure
3.13b).[64]
Arrays of individual “wells” with periodically patterned crystals (Figure 3.14) would
hypothetically allow for the fabrication of many-well plates as is commonly seen in highthroughput screening procedures. The ability to fabricate a device such as a 96-well plate
of photonic crystal slabs on a single substrate would enable high-volume testing of samples
for a given analyte, if the slabs are functionalized and designed for (bio)molecular detection.
Combining this with the low-cost deposition technique and a visible photonic bandgap may
provide a pathway to affordable (bio)molecular detection devices for use in areas without
advanced analytical instrumentation.
This method is theoretically suitable down to nanoscale pitches. This would be useful for
imparting photonic bandgaps within the visible spectrum, or for controlling the propagation of
other wavelike quasiparticles such as phonons. Phonon modes govern the thermal conductivity
of a material. For thermoelectric devices, it is imperative that the active layer have a low thermal
conductivity in order to maintain a hot side and a cold side. Although organic semiconductors
made from polymers tend to have this feature intrinsically, the thermal conductivity in many
organic molecular crystals is higher than would be optimal for thermoelectric devices. Phonon
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engineering in these materials would allow for not only increased performance in thermoelectric
devices, but would also create an opportunity for thermal management in semiconductor devices
(an increasingly important topic in microprocessor-type applications as well as solar cells).
In terms of crystal thickness, the crystal can grow above the height of the pillars (Figure
3.8), to the height of the pillars (Figure 3.10), or below the height of the pillars (Figure 3.11)
while maintaining its templated shape. When the crystal grows above the height of the template,
the low-index faces begin to reappear, as can be seen by the hexagon-shaped holes that are left
above the square pillars in Figure 3.8. Despite the presence of these pillar obstructions in the
path of crystal growth, single crystals are able to grow around the obstacles. This allows for the
growth of large, perforated, millimeter-scale single-crystal sheets that are less than 5 microns
thick.

Figure 3.15: Scanning transmission electron microscopy image of patterned tetracene. Two single
crystals appear in the image, with the imprint of the template visible as darker grey regions.
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Figure 3.16: Scanning electron microscope images of a patterned crystal of tetracene. This sample had a particularly
high number of defects and was chosen for defect characterization.

There are multiple issues that can arise when patterning a crystal sheet using this method.
Firstly, the crystal must not grow too far above the pillar height, or else it may grow over the
holes and the crystal will no longer be perforated. An example of this can be seen in the scanning
transmission electron microscopy image in Figure 3.15. Although there is a clear pattern
imprinted on the crystal, the height of the crystal had grown above the height of the template and
there were no longer holes in the crystal. There are two overlaid single crystals in the image that
piled up during the template removal process.
Other issues that can arise are “cracks” that appear in the direction of crystal growth, where
parallel crystal lattice planes fail to entirely circumnavigate the pillars and enclose the pattern.
In Figure 3.16, the left side of the crystal has grown over the top of the pattern, and many areas
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of the crystal have wrapped around pillars but have failed to entirely enclose them. Photoresist
features can also vary in size and shape if the processing parameters are not optimized,
potentially resulting in crystal defects. These are examples of some of the issues that can occur
when using this deposition method. However, crystals deposited using this method are highly
pure (Figure 3.18), and these types of problems can be avoided by using appropriately thin
solvent layers, well-tuned flux rates, and high-quality photoresist templates.
As the microscale characteristics of these shape-engineered crystals are the focus of this
thesis, a wide range of microscopy techniques have been employed in order to further understand
the physical structure of these materials. This includes both optical microscope methods such
as birefringence contrast and fluorescence microscopy, as well as super-resolution microscopy
methods such as scanning electron microscopy and atomic force microscopy.
Optical microscopy methods are a cornerstone of the characterization process for these
samples. Cross-polarized microscopy uses birefringence contrast in order to differentiate
between individual grains in a sample. Birefringence effects cause polarized light to bend
through an anisotropic crystal structure, and the orientation of a crystal grain can be identified
by observing uniform optical extinction (darkening) upon rotation under the crossed polarizers.
Since grain boundaries govern the charge transport mobility in semiconductor films, the ability to
identify individual grains and grain boundaries is an extremely useful tool. As all of the organic
compounds being studied in this thesis fluoresce due to their conjugated structures, fluorescence
microscopy can be used to visualize the shape of the crystals in clear detail and to probe for
any defects on the crystal. In fact, fluorescence microscopy can be performed in situ while the
crystals are being grown, and images can be collected throughout the deposition process. This
is referred to as fluorescence videomicroscopy, and can be used not only to visualize crystals
themselves but also to determine monomer density. Monomer density in the liquid layer can be
visualized for compounds with monomer fluorescence in the visible spectrum (such as tetracene),
and monomer concentration mapping during nucleation has been a focus of this research group
(see Chapter IV).
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Super-resolution microscopy methods can be used to observe the fine features on these
crystals that may not be visible when using standard optical microscopy techniques. Additionally,
atomic force microscopy can generate 3D topographical maps with nanoscale resolution,
allowing for deep analysis of the sample surface including measurements such as average
roughness, total thickness, etc. 3D images are helpful for this sort of characterization, as much
information is lost when these 3D structures are observed in a 2D, top-down fashion. Both of
these methods complement the optical
microscopy techniques and provide a
thorough physical characterization of
these samples (Figures 3.15-3.17).
X-ray diffractometry is an essential
crystallography tool.[57, 58] Similar to the
constructive and destructive interference
effects seen for photonic crystals, there
are interference effects caused at the
atomic or molecular level in crystalline
structures. Crystals, by their definition,
have a periodic arrangement of atoms
or molecules within their lattice. X-rays
have a wavelength that is akin to the
spacing of these atoms or molecules,
and when a crystal is irradiated with
monochromatic x-ray photons there will
be reflection peaks that depend on the
Figure 3.17: SEM images of tetracene crystals removed from
their templates. a) A tetracene crystal patterned with 2 micron
holes, sitting atop a bridge made of PDMS. b) A tetracene
crystal patterned with 2 micron holes. The crystal removed the
pillars from the substrate during liftoff.
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interatomic or intermolecular spacing
of the constituents within the lattice
structure. These peaks can be predicted

and described by the Bragg equation. There are two main branches of x-ray diffractometry:
single-crystal XRD and powder XRD.
Powder XRD is widely used by the scientific community for crystal identification; this
includes scientists such as geologists for identifying mineral composition, inorganic chemists for
identifying or confirming the identity of a reagent or product, crystallographers for identifying
the phase or identity of a crystal, and many other fields that require crystal identification.[57, 58]
The diffractogram patterns obtained using this method are unique to specific compounds, and
can provide a “fingerprint” that is useful for chemical identification or verification. To perform

Figure 3.18: Powder XRD of various patterned organic molecular crystals. These crystals were patterned with
a square lattice of SU-8 pillars, and include organic semiconductors and a pharmaceutical compound. These
results show that compounds deposited into these photolithography templates are highly oriented and do not show
oxidation. These diffractograms were taken in the Bragg-Brentano geometry and only lattice planes that are parallel
to the substrate appear. For anthracene, this means that the ab-plane is in the plane of charge transport, which would
result in a tenfold increase in charge-carrier mobility for electrodes deposited onto these crystals. Background
signals from the amorphous glass substrate coated with ITO are a function of total surface coverage.
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powder XRD, the sample must be finely
ground so that a large number of crystal faces

Detector

X-ray Tube

are exposed and oriented randomly across the
surface of the substrate. This allows for many

ω

2θ

reflections and orientations to fulfill the Bragg
condition, and provides many peaks that
enhance the volume of data. These peaks can
be compared to a reference pattern. If there
is a mixture of compounds or crystal types in
a sample, the diffractogram will show peaks

Figure 3.19: Illustration of the Bragg-Brentano geometry.
Many powder XRD instruments utilize this geometry.
Only lattice planes that are parallel to the substrate fulfill
the Bragg condition, so any peaks that appear in the
diffractogram are parallel to the substrate when using this
geometry.

for all of the different crystal identities within the sample. Additionally, powder XRD can be used
on a sample that is not powdered - this can be useful for determining the orientations of crystals
grown on the substrate. However, only lattice planes that are parallel to the substrate will appear
on the diffractogram as these are the only planes that will be oriented in such a way that they will
fulfill the Bragg condition when using an instrument with the Bragg-Brentano geometry (Figure
3.19).[57-59] We used this technique to verify that our deposited compounds have maintained their
original structure, and noted that there is a preferred orientation with low-index faces being the
most prominent due to the type of growth (Figure 3.20). Low-index faces tend to dominate the
crystal habit due to the fact that they will have a lower free surface energy than their high-index
counterparts. This stems from the density of the molecular packing - low-index faces are more
densely packed, with fewer dangling bonds, whereas high-index faces are more loosely packed
and do not have as many stabilizing intermolecular van der Waals’ forces acting on them.
Single-crystal XRD (SC-XRD) gives more complex data sets. SC-XRD is an excellent
method for identifying the actual structure of a crystal, and can be used to solve for the unit cell
of any crystalline compound. This is especially useful for the identification of crystal structures
of novel compounds. All sorts of crystals, including atomic crystals, molecular crystals, and even
protein crystals can be characterized with SC-XRD. Protein structures are frequently elucidated
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using this technique. Additionally, SC-XRD can be used in order to verify that a crystal is in fact
monocrystalline rather than polycrystalline; this is an experiment that we performed in order to
verify that our shape-engineered crystals are in fact single crystals and not polycrystalline grains
(Figure 3.20). A single crystal will produce distinct diffraction spots on a 2D XRD diffractogram
due to the fact that a single crystal only has one orientation. A polycrystalline sample will give
a diffractogram that shows ring patterns as there will be a large number of random orientations.
Twinned crystals will show sets of two spots, as there are two orientations present during the

Figure 3.20: 2D XRD precession images for a patterned single crystal of anthracene. The crystal has been patterned
with an array of holes. Strong peak signals at vertices in the reciprocal lattice demonstrate that this patterned crystal
was monocrystalline and of high purity. Reciprocal lattice vectors are labeled for each zone, and the origin is marked
with a white circle.

Figure 3.21: Microscope images of the patterned crystal used for 2D XRD. a) Crystal floating atop a water droplet
after template removal with a TMAH solution. The XRD loop was dipped into the water and this crystal was
mounted onto the loop. b) Crystal mounted on loop. The x-ray beam was aimed near the bottom of the loop to avoid
noise from the folded region near the top of the loop. The size of the diamond-shaped holes are 5 x 10 microns.
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scan. These features of the 2D diffractogram allow the operator to identify whether a crystal is
a single crystal, a twinned crystal, or a polycrystalline crystal with relative ease. The diffraction
spot data can then be used to solve for the unit cell, and then compared to reference data if the
structure is known.
Our 2D XRD data was performed on two types of samples. First, a relatively thick (>10
microns), unpatterned anthracene crystal grown via the OVLS technique was scanned and was
determined to be a single crystal. Next, a thin (<5 microns), patterned crystal with an array of
holes was scanned and determined to be a single crystal (Figures 3.20 and 3.21). The accuracy of
the solved unit cell (99.6%), the indexed peak table consistent with the 1D XRD diffractograms,
and the precession images with a minimal number of incommensurate peaks (Figure 3.21)
demonstrate that these samples have both high crystallinity and a single-crystal nature.
Precession images are essentially an aggregate image of all of the diffraction spots,
presented in reciprocal space to allow for easy identification of the diffraction spot pattern. Due
to Laue conditions, diffracted x-rays are on a distorted lattice in real space, but fall on a regularly
arranged lattice in reciprocal space. Therefore, it is much easier to visualize the periodicity of the
crystal lattice when the diffraction spots are viewed in reciprocal space. Precession images for
the patterned anthracene crystal show diffraction spots that fall onto the low-index points of the
reciprocal lattice that correspond to the low-index lattice planes in real space. This is consistent
with our 1D XRD findings, and the expected crystal habit.
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D

3.4: Shape Engineering for
Optoelectronics
evices such as optical ring resonators require that a waveguide be fabricated in the
shape of a ring.[44, 45] Laser cavities, waveguides, and other optical elements based
on photonic crystal slabs typically require a bounding perimeter shape paired with

a perforated topology in order to integrate layers into a device.[46] For a truly all-organic device,
entirely fabricated from single crystals, both the semiconductor layers and the conductive
layers will require specific shapes, sizes, and topologies. These prescribed features allow for
optimization of space-usage, functionality, and device performance in a wide variety of contexts.
This section provides demonstrations of combined control over complex bounding shapes
and the internal topology of organic single crystals. Circular structures are used for applications
such as optical ring resonators and concentric ring gratings (Figure 3.23). Interdigitated
structures are seen in applications such as metal-semiconductor-metal photodetectors.[63]
Serpentine configurations are also seen in stretchable devices[65] - a common application for
mechanically-flexible organic semiconductor materials. OVLS is an excellent deposition
method for fabricating these types of structures from single crystals of organic molecular
materials. Although Figure 3.22 and Figure 3.24 show examples of anthracene, a semiconductor,
conductive organic molecular crystals could theoretically be substituted.

Figure 3.22: Concentric rings of anthracene. Left: AFM image of a photoresist template showing a concentric ring
structure. Scan size is 150 x 150 microns. Center: White-light, cross-polarized, and fluorescence micrographs of
anthracene crystals grown in the template. Right: AFM image of anthracene crystals grown in the template.
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Figure 3.22 and Figure 3.24 demonstrate
that bounding perimeters, such as an

Single-mode
Waveguides

interdigitated finger structure or concentric
rings, can be accessed for single crystals

Ring resonator

of molecular materials using the OVLS
technique. Additionally, it is possible to

Focusing
Region

define a topology such as an array of holes
- useful for photonic waveguiding and
similar applications (see Section 1.3). These

Concentric Ring Grating

Figure 3.23: Applications for circular structures. There
are many examples of practical applications utilizing
circular structures, including optical ring resonators and
concentric ring gratings.

examples are a testament to the idea that
OVLS deposition can provide a high degree
of control over many of the characteristics of

organic molecular single crystals, in an additive “bottom-up” fashion without the need for postprocessing such as plasma etching.
Figure 3.22 shows that parasitic nucleation outside of the photolithography template can
occur, as is seen by the small crystals growing in between the concentric ring structures. To limit
this, it is important to remove the liquid from any region that is not intended for crystal growth,
i.e. the top of the photolithography pattern. Rapid spin-coating or surface modification of the
photoresist are potential options for minimizing the number of crystals that are grown outside of
the designated regions.
Figure 3.24 is an example of a crystal that has grown around 10 turns and around thousands
of holes, while still maintaining a single-crystalline character as evidenced by uniform optical
extinction upon rotation under crossed polarizers. Atomic force microscope images, in
conjunction with standard optical microscope and fluorescence images, demonstrate that the
crystal is truly perforated and has grown approximately to the height of the photoresist pattern.
Although there are some visible defects, these may be mitigated by optimizing the rinsing step
that was performed prior to imaging. Figure 3.25 shows similarly complex bounding perimeters.
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Figure 3.24: Perforated, interdigitated, single anthracene crystal. This shows that it is possible to grow single
crystals that have both a complex, defined bounding perimeter as well as an extraordinary topology. Pillars are 2
microns. a) Microscope image of a single crystal of anthracene grown in an interdigitated template, patterned with
2 micron holes. b) AFM image of interface between photoresist template and crystal. c) Cross-polarized image
of crystal. d) Fluorescence image of crystal. e) Rotation under crossed polarizers demonstrates uniform optical
extinction.

Figure 3.25: Letter-shaped crystals of pyrene. Left: AFM images of crystal grown in the photoresist pattern. Scan
size is 150 x 150 microns. Right: Fluorescence micrograph of crystals grown in the photoresist pattern. Parasitic
nucleation can be seen atop the photoresist between the WWU-shaped wells.
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3 . 5 : S i t e - S p e c i f i c N u c l e at i o n

A

large number of semiconductor devices require a fine degree of control over the
spatial location of each and every semiconductor stack. This is true for transistor
arrays required for logic circuits and microprocessors, and OLED arrays for

displays. In order to accurately place each stack, the spatial location must be addressed in the
fabrication process. For shadowmask deposition methods, this simply involves placing a physical
barrier between the monomer source and the substrate for areas where no semiconductor stack
is required. For inkjet deposition methods, the semiconductor ink formulation is applied directly

Substrate
Photoresist
Liquid Layer

Crystal
Substrate
Photoresist
Liquid Layer
Crystal
Figure 3.26: Methods for site-specific nucleation using OVLS. Top: Nucleation in wells vs. nucleation on pillars.
For nucleation on the pillars, the monomer is fluxed into the entire liquid layer. The liquid layer on the substrate
never reaches the critical concentration and crystals nucleate exclusively on the pillars. Bottom: With a low flux,
crystals nucleate exclusively within liquid droplets. This allows for patterning by spin-coating droplets into the
wells.
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to the areas that require a semiconductor stack. In our OVLS deposition method, we address
spatially-selective nucleation by exploiting the tendency for crystals to form in either thick liquid
for low fluxes or thin liquid for high fluxes. In essence, the substrate is coated with a liquid layer,
and crystals can be selectively deposited into either the thin areas or the thick areas defined by
a photolithography pattern (Figure 3.26). This can be used to precisely place a large number
of organic semiconductor stacks into precise locations as required by the end-use application.
In Figure 3.27, I demonstrate that it is possible to deposit crystals selectively into areas that
have solvent on them by utilizing an appropriately low flux. Furthermore, if the liquid droplets
are placed around a template with a geometric shape, that shape can affect the crystallographic
orientation of the crystal grown there (Figure 3.28). This combination of spatial selectivity and

Figure 3.27: Array of single anthracene crystals with 1270 ppi resolution. a) SEM image of an array of wells and
channels, demonstrating selective nucleation of anthracene within the wells. b) Fluorescence image of anthracene
crystals grown in the array. c) White-light microscope image. d) Cross-polarized microscope image. e) Crosspolarized microscope image with rotation. The pitch translates to 1270 dots per inch, competitive with modern
microdisplays such as smartphones.
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Figure 3.28: Practical demonstration of site-specific nucleation. a,b) 20 x 10 micron diamond-shaped anthracene
crystals grown in wells. c) 250 x 500 micron anthracene crystals grown in wells. d,e) 100 x 100 micron anthracene
crystals grown on top of pillars. This is a practical demonstration of the concept illustrated in Figure 3.13, and shows
that the method is valid for a wide range of sizes. All images were taken using cross-polarized illumination.

preferred orientations allows for deposition of semiconductor stacks into predefined locations
with orientations that are conducive to efficient device performance. Orientation effects will be
discussed in further detail in Section 3.7.
Additionally, large-scale electronics such as flat-screen displays require relatively large
dimensions (common home television sets range from 30-80”). In an active-matrix OLED
display, each pixel is individually addressed via a transistor array. Although these large-scale
devices are often addressed by using polycrystalline silicon backplane thin-film transistor array
(typically fabricated using ultra low-temperature polysilicon processes), organic materials
are preferred for flexible displays due to their high mechanical flexibility and stretchability as
well as their low deposition temperatures that are compatible with the ~120 0C glass transition
temperature of many plastic substrates.[47] For AMOLEDs with integrated capacitive sensors such
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as those used in smartphones and touchscreen displays, another level of complexity is added to
the system.
Figure 3.29 shows what the film will look like if there are “bare” areas on the substrate as
well as liquid droplets. There is an exclusion zone around each droplet, and bare areas have a
much smaller grain size.

Figure 3.29: Microscope image of nucleation in droplets vs. on bare substrate. Droplets are approximately ~300
microns in diameter. Crystals that nucleated within the droplets were single crystals that were several orders of
magnitude larger than the average grain size on the bare portions of the substrate. Additionally, there is a clear
exclusion zone around each droplet. This is a larger-scale example of how targeted nucleation is achieved using
droplet wells that are positioned close enough together that the exclusion zone does not allow crystals to nucleate on
the dry regions.
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3 . 6 : P h a s e - S e l e c t i v e N u c l e at i o n

I

n molecular crystals, the molecular packing can vary widely - even with crystals that are
made up of identical molecular monomer units. The arrangement and spacing of molecules
within a molecular crystal can range from a small number of polymorphs for symmetric,

small molecules such as perylene (Figure 3.30) to a huge number for larger molecules such as

proteins. Introducing asymmetry or heteroatoms can greatly increase the number of polymorphs
for a given compound. Due to the differing molecular interactions within the crystal structure, the
molecular packing ultimately dictates many of the physical properties of an OMC.

Figure 3.30: Molecular packing and BFDH calculations for phases of perylene. a,b) Unit cells of alpha perylene (a)
and beta perylene (b) viewed down the b axis. c,d) Theoretically-predicted morphology of alpha perylene (c) and
beta perylene (d) calculated using BFDH theory. Images generated using Mercury 4.0 [78].
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Figure 3.31: Methods for phase-selective deposition of perylene. Flux rate into the liquid environment can be tuned
by either changing the thickness of the liquid layer, or by changing the deposition rate with temperature or gas flow.
High flux rates give the alpha phase of perylene, while low flux rates give the beta phase.

For semiconductors, the molecular packing can affect characteristics important for device
applications such as fluorescence wavelength, charge-carrier mobility, and stability. For
pharmaceutical compounds, the phase influences the bioavailability of a drug, as is the case
with ritonavir, the HIV drug.[48] Therefore, having a method for selectively depositing a specific
phase is an essential tool for molecular crystal growth in both semiconductor and pharmaceutical
contexts.
Specific crystal polymorphs for a given compound can be selectively deposited by changing
the growth conditions. For the evaporation of a solution, it is possible to deposit different
polymorphs by changing the evaporation rate or by changing the concentration of monomer
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Figure 3.32: Microscope images and x-ray diffractograms for phases of perylene. Black reference bars indicate the
alpha phase peaks, whereas red reference bars indicate beta phase peaks. Top row: X-ray diffractogram of alphaphase perylene and cross-polarized optical microscope image. Bottom row: X-ray diffractogram of beta-phase
perylene and cross-polarized optical microscope image. Background from the glass substrate is observed due to
lower surface coverage of the crystal film.

within the solution.[49] For dry deposition, a certain phase can be selected for by changing the
deposition rate.[50] In this section, I present a new method for selectively depositing specific
phases using OVLS deposition.
Perylene is an excellent candidate for polymorphism studies, as it has been thoroughly
characterized by various groups over the years.[49-52, 59] At room temperature and pressure, there
exist two polymorphs (Figures 3.30 - 3.33) that can be distinguished via fluorescence spectrum,
x-ray diffractometry, Raman scattering, and even simple optical microscopy due to the differing
morphologies that are characteristic of each phase. In the alpha phase, the crystals are rectangular
and have internal angles of 900. For the beta phase, which is metastable, the crystal has a
rhomboidal geometry with internal angles of 600 and 1200.
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In an experiment where the flux rate of perylene was altered via liquid thickness and
varying crucible temperatures, the different phases were deposited selectively under certain
conditions (Figure 3.31). For high flux rates, with a liquid layer 2 microns in thickness and a
hot plate temperature of 270 oC, the alpha phase was preferentially formed. For low flux rates,
with a liquid layer 25 microns in thickness and a hot plate temperature of 230 oC, the beta
phase was preferentially formed. These results demonstrate that it is possible to use OVLS as
a valid alternative method for phase-selective deposition of organic molecular crystals. XRD
diffractograms (Figure 3.32) and fluorimetry
(Figure 3.33) show that the overall selectivity
is excellent for each phase, including the
metastable beta phase which has had many
publications surrounding other methods for
selective growth of that phase.[49-52]
In addition to perylene, a metastable
phase of pyrene has been observed in these
Figure 3.33: Normalized fluorescence spectra for phases
of perylene. Monomer peaks appear in the beta-selective
deposition spectrum due to residual solvent. Literature
λmax values are 440/470 nm for monomer, 515 nm for the
beta phase, and 575 nm for the alpha phase.[49]

thin films. Changes can be seen in both
morphology, and on the XRD diffractogram.
The metastable phase is extremely unstable,

Figure 3.34: in situ imaging of phase change in metastable pyrene. Images show cross-polarized micrographs.
a) A faint blue crystal film can be seen on the right side of the image. As the phase changes, the crystal goes from a
monocrystalline domain into a polycrystalline domain, resulting in a stark color change under crossed polarizers. b)
Most of the monocrystalline domain is now visibly polycrystalline after undergoing a phase change.

63

Figure 3.35: in situ imaging of phase change in metastable pyrene. Images show cross-polarized micrographs.
a) A faint blue crystal film can be seen on the right side of the image. In this image, an impinging rhomboidal
crystal, accompanied by a liquid front, pierces through the metastable phase and replaces it. b) Growth of the stable
phase can be seen, and several areas of the thin-film phase have been replaced by the stable phase.

Figure 3.36: Birefringence contrast micrographs of different phases of pyrene. The stable phases seen in (a) and
(b) show a typical pleochromic coloration under crossed polarizers, along with a rhomboidal crystal habit. The
metastable phases seen in (c) and (d) show a typical light blue coloration under crossed polarizers, along with a
cuboidal crystal habit with 90 degree angles.
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and a phase transformation can be mechanically induced by the slightest application of pressure
such as an AFM tip tapping across the surface. This effect can be reproduced by gently pressing
on the slide with a lens tissue, or by heating the substrate. A phase change was observed in situ
using a microscope camera, as seen in Figure 3.34 and 3.35. Additionally, Ostwald ripening was
seen for large stable crystals surrounded by smaller thin-film crystallites (Figure 3.37).
Multiple phases of pyrene have been described in the literature, and they were grown under
extreme conditions such as low temperatures (<110 K) and high pressures (>2950 atm).[73] In this
section, I demonstrate that it is possible to selectively deposit another metastable phase under
atmospheric conditions - a feat that heretofore has not been reported, to my knowledge.
The stable phase of pyrene can be identified by its characteristic pleochromism under
crossed polarizers, as well as its rhomboidal crystal habit (Figure 3.36). As for the metastable
phase, the crystals are typically rectangular with a monochrome light-blue coloration under
crossed polarizers. X-ray diffractograms show a new peak (Figure 3.38), not reported on the
Cambridge Crystallographic Data Centre’s structure database. Several factors indicate that this
may be a substrate-induced phase, or a thin-film phase of pyrene that is analogous to the thinfilm phases of pentacene and perylene that have been characterized in the literature. The thin-film
phase of pentacene has several distinct features - it will spontaneously change its morphology

Figure 3.37: A stable crystal of pyrene sits in a droplet surrounded by a thin film of metastable pyrene crystallites.
The thin film slowly dissolves, and monomers aggregate onto the stable crystal of pyrene in a demonstration of
Ostwald ripening.
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Figure 3.38: X-ray diffractograms of the polymorphs of pyrene. Red bars indicate known reference peaks of pyrene,
while black bars indicate the proposed thin-film peaks. Left: metastable thin-film phase of pyrene. Right: stable bulk
phase of pyrene. Shifts to the <001> and <002> planes indicate a larger d-spacing in those lattice planes, a shift that
is analogous to the characteristic peak shift of thin-film phases in other compounds such as perylene and pentacene.

over the course of time, and upon reaching a critical thickness it will convert to the bulk phase.
[74]

This thin-film pentacene’s physical properties are analogous to the behavior seen in the

metastable pyrene films, leading to the hypothesis that this observed phase of pyrene may in fact
be a previously unreported thin-film phase. Additionally, the thin-film phases of perylene and
pentacene both exhibit a characteristic shift on their x-ray diffractograms that is associated with a
relaxation of the d-spacing in the crystallographic plane parallel to the substrate.[74] This increase
in the interplanar spacing is attributed to the upright molecules being tilted further towards the
normal of the substrate, along with a possible lateral compression, resulting in an increased
d-spacing in the planes parallel to the substrate. This allows all of the molecules in the unit cell
to interact with the substrate. Although this is associated with a lower surface free energy for
pentacene thin films up to a certain thickness, the total lattice energy of the bulk polymorph
eventually becomes more favorable once a critical thickness has been reached.[75] The d-spacing
shift in perylene has been documented as 10.06 Å to 10.15 Å.[74] A similar shift is seen in the
x-ray diffractogram of the proposed thin-film phase of pyrene, providing further evidence that
this is a thin-film phase that differs from the bulk phase. The d-spacing of the <001> plane is
relaxed from 8.4 Å to 8.6 Å according to calculations using the Bragg equation.
A hypothesis for why this may occur relates to chemical potential. For perylene, the
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growth potential barrier is proportional to the surface energy. The beta phase of perylene has a
higher surface energy than the alpha phase, which translates to a higher growth potential barrier
requiring a larger chemical potential driving crystallization.[49] Chemical potential is related to
the supersaturation ratio, and supersaturation ratios increase as solubility decreases.[76] Since
perylene has a relatively low solubility in bis-2-ethylhexyl sebacate, this system has a high
supersaturation ratio and therefore the chemical potential can be increased to a point at which the
metastable beta phase begins to appear.
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A

3 . 7 : O r i e n tat i o n - S e l e c t i v e
N u c l e at i o n
nother important aspect of crystals,
particularly those with anisotropic properties,

Photoresist

is their orientation. As discussed in chapter

one, the physical properties of anisotropic crystals are
typically orientation dependent. Since this can affect key
features of the crystal, such as charge-carrier transport in
semiconductors, the ability to control the orientation of

Liquid

grown crystals relative to the substrate is crucial.
Many methods for controlling the orientation of grown
crystals involve epitaxial growth.[5] Epitaxial growth takes
advantage of lattice matching between different compounds.

Crystal

By using a substrate that has the desired orientation, crystals
grown on that substrate will adopt the same orientation. In
this section, I present a non-epitaxial alternative method
(Figure 3.39) for selectively growing a specific orientation
by utilizing an OVLS deposition method paired with a
photolithographically-patterned amorphous substrate.
Crystals grown on an amorphous substrate will
frequently have a preferred orientation for one axis of

Figure 3.39: Illustration of method
for orientation control. A photoresist
template provides a place for the first
crystal face to be pinned. By coating
the substrate with liquid, droplets
form around the template. Low-flux
deposition causes crystals to nucleate
exclusively in the droplets, and crystals
have their low-index faces aligned with
the photoresist template.

growth, such as the <001> face for anthracene on glass typically being oriented parallel to the
substrate. However, the other two axes are free to grow in whatever direction they randomly
happen to be facing. By analyzing the typical growth morphology, it is possible to identify a
particular face and introduce an obstruction for that face to attach to. In this demonstration, the
<100> and <010> faces are grown along the side of diamond-shaped photolithography pillars.
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This produces an oriented crystal film of
anthracene with facets that are aligned with
the photolithography template (Figure 3.40).
Although the mechanism of formation
has not been definitively identified, a possible
explanation for this behavior is that crystals
are free to rotate in the plane of the liquid
as they grow (rotation of crystals within the
liquid layer has been observed in these films
repeatedly). As the low-index faces dominate
the crystal habit in a high-flux deposition
scenario, these low-index faces become
pinned to the side of a photolithography
feature and ultimately the crystal becomes
oriented depending on which direction the
edges of the photolithographic template are
facing. For optimal control, the features on
the template should have sides and angles that
correspond to the expected crystal habit of the
material to be grown.

Figure 3.40: Microscope image of an oriented crystal
film. Low-index faces match the orientation of
photoresist template features, allowing for orientation
control. Diamond-shaped pillars are 10 x 20 microns. a)
Photoresist template. b) Photoresist template with liquid
spin-coated onto it. c) Disparate crystals with uniform
orientation (note the parallel crystal faces throughout the
film).
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Chapter Four

in situ Monomer Mapping for
Diffusion Zone Analysis

4.1: in situ Monomer Mapping

M

onomer fluorescence tends to
be significantly blueshifted
when compared with crystal

fluorescence, and for tetracene, the difference
between monomer and crystal fluorescence
is dozens of nanometers (Figure 4.1). By
using a narrow bandpass filter, it is possible
to visualize and separate fluorescence of
the monomers from crystal fluorescence.

Figure 4.1: Fluorescence spectra of tetracene monomer,
tetracene crystal, and reference dye lumogen red. [77]
Dual-Channel
CMOS Camera

Monomer fluorescence is a function of
concentration (mol/L) and the thickness of

Bandpass Filters
(475 & 700 nm)

the liquid layer (nm). If the concentration is

Dichroic Mirror

Monomer Fluorescence
(475 nm)
Reference Fluorescence
(700 nm)

higher, fluorescence is brighter. The thicker
the liquid layer for a given concentration,

Ring Light
(405 nm)

the brighter the fluorescence. Using these
concepts, it is possible to map monomer
concentration. This is achieved by
incorporating a fluorescent dye into the
liquid layer that emits a significantly different

Substrate

Figure 4.2: Diagram of dark-field fluorescence setup.
Monomer fluorescence and reference fluorescence are
separated by a dichroic mirror and bandpass filters to
separate channels on a dual-channel camera. Adapted
from [77].

wavelength (to avoid overlap and crosstalk), and using that as a reference for the thickness of
the liquid layer. Then, by using a narrow bandpass filter for the monomers, a dichroic mirror for
the reference channel, and another narrow bandpass filter for the reference channel, dual-channel
videos can be analyzed to determine the concentration in a liquid thin film as the crystals are
nucleating.
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Figure 4.3: 3D graph of radial monomer concentration over time.

This follows a burst nucleation process.[33] As monomer concentration increases, the
brightness of the monomer channel increases uniformly. Eventually, a critical concentration is
reached and a burst of nucleation occurs. Nucleated crystals appear across the film and begin to
act as monomer sinks - monomers aggregate onto the crystal surface and no longer fluoresce as
monomers but instead as part of the crystal structure. A gradient appears around each crystal,
where the concentration is lowest near to the crystal and steadily climbs higher as a function of
distance from the crystal (Figure 4.3). If the monomer flux is turned off, eventually the crystals
will take up the remaining monomers and monomer fluorescence will drop to zero. The crystal
fluorescence can be checked with another narrow bandpass filter in order to visualize the
morphology and size of the grown tetracene crystals (Figure 4.4e).
Concentration mapping shows that diffusion sinks form around each nucleated crystal,
inhibiting other crystals from forming around it. This region within the diffusion sink where
the monomer concentration can no longer reach the critical concentration is dubbed the
“exclusion zone”. High flux rates allow the local monomer concentration to surpass the critical
concentration before the diffusion sinks are allowed to grow, resulting in a higher nucleation
density and a small crystal spacing. Low flux rates allow the diffusion sinks to grow considerably
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before other crystals nucleate, resulting in a low nucleation density and a large crystal spacing.
By exploiting this trend, it is possible to control for the nucleation density and crystal spacing by
adjusting the flux rate. By pairing experimental descriptions of the diffusion zone environment
with a diffusion code, it is possible to simulate the system and predict nucleation densities and
crystal spacings.
In order to visualize monomer concentration, a dark-field fluorescence illumination setup
(Figure 4.2) with a high-sensitivity Hamamatsu Photonics CMOS camera was required. Direct
bright-field epifluorescence illumination appeared to drown out the signal, whereas a dark-field
fluorescence approach gives a measurable signal.
The ability to map out dynamic changes in concentration during the crystallization
process in thin films can help to develop a deeper understanding of the crystal growth kinetics
involved. This type of experiment can provide insight into the relationship between monomer
concentration and crystal growth statistics such as induction time, nucleation density, nucleation

Figure 4.4: Thickness-normalized 2D monomer fluorescence microscope timelapse. a) Time zero. No monomer
fluorescence can be seen. b) 5 minutes. Monomer fluorescence is bright throughout the film, and the first crystals
have begun to nucleate and act as monomer sinks. c) 10 minutes. Many crystals have formed. d) 15 minutes. Enough
crystals have formed to drain the monomers from the liquid layer more quickly than they can be replenished by the
impinging flux. e) Image taken with a crystal fluorescence filter. The locations of the crystals can be visualized as
bright spots. Images generated using ImageJ2 [79].
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rate, and growth rate. Results of these experiments can be compared with theoretical models
in order to build simulations that can effectively predict the morphology of a crystalline film
based on a set of growth parameters. The ability to simulate the growth of these films is highly
desirable as it would provide a starting point for experiments that require a specific crystalline
film morphology, without the need for extensive exploration of the parameter space beforehand.
This experiment provides a quantitative method for verifying this type of simulation and can be
used to confirm the validity of simulated data.
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Chapter Five

Experimental Methods

5 . 1 : E x p e r i m e n ta l M e t h o d s
Substrate preparation.
Glass slides coated with indium-tin-oxide (Delta Technologies, X218) are cleaned
vigorously by sonicating (Fisherbrand FB11203 Series Ultrasonic Cleaner) at 34 kHz in a
succession of baths (nanopure water with 1% v/v Micro90 detergent, wash-grade acetone, and
an HPLC-grade isopropyl alcohol base bath with 1 M potassium hydroxide) for 20 minutes each.
Isopropyl alcohol was obtained from Fisher Chemical, and potassium hydroxide pellets were
purchased from Avantor Performance Materials and used as received. The slides are then placed
into a UV-ozone cleaning hood (NovaScan PSD Pro Series Digital UV Ozone System) for an
additional 20 minutes (Figure 5.1).
Next, a syringe is filled with 0.5 mL of photoresist, and the ITO slide is placed on a spin
coater (Laurell Model WS-400B-6NPP/LITE/8K).

ITO Slides

Micro90/Nanopure
(1% w/w)

Acetone

Base Bath
1 M KOH in Isopropanol

UV Lamp

ITO Slides

UV / Ozone Cleaner

Figure 5.1: Illustration showing the substrate preparation process. ITO slides are sonicated for 20 minutes each in
various solvents to remove residues, then cleaned in a UV/ozone cleaner.
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For negative-tone resists SU-8 2002 (MicroChem) and NR-9 6000P (Futurrex), the
photoresist is deposited onto the glass slide, and the spin coater is operated at 500 rpm for 15
seconds, followed by 4000 rpm for 50 seconds. The NR-9 or SU-8 coated slide is then subjected
to a soft bake for 7 minutes at 105 0C atop a hot plate (Fisher Isotemp Stirring Hot Plate). A
custom photomask is then placed in contact with the slide, and exposed to UV light under a
collimated, 365 nm, 5250 mW LED lamp (ThorLabs M365LP1 / ThorLabs COP-1 collimator
/ ThorLabs DC2200 High-Power LED driver) for 3-6 seconds, delivering the prescribed UV
dose (SU-8: 90 mJ/cm2 / NR-9: 190 mJ/cm2). Patterns with a tight pitch (2-10 µm) required a
smaller UV dose in order to prevent overexposure. Next, the slide is given a post-exposure bake
for 7 minutes at 105 0C, followed by 40 seconds of development in developer (SU-8 Developer:
organic solution containing propylene glycol methyl ether acetate / NR-9 Developer RD6: basic
aqueous solution containing tetramethyl ammonium hydroxide) with the slide suspended in the
solution while stirring. Finally, the slide is given a final rinse with nanopure for 30 seconds and
set aside. NR-9 gives patterns ~6 µm in thickness, while SU-8 gives patterns ~2 µm in thickness.
For positive-tone resist PR1-1000A (Futurrex), photoresist is deposited onto the glass slide,
and the spin coater is operated at 800 rpm for 40 seconds. The slide is baked on a hot plate for 6
minutes at 120 0C, and then irradiated through the custom photomask with a 365 nm UV lamp
for 2.5 seconds to deliver a UV dose of 75 mJ/cm2. The slide is then developed in RD6 developer
for 40 seconds and rinsed with nanopure for 30 seconds.

Growth using a hotplate.
After the photoresist template is created, the slide is coated with a low vapor pressure
solvent, bis(2-ethylhexyl)sebacate (TCI Chemical). The spin coating parameters are varied
depending on the desired liquid thickness, typically 6000 rpm for 60 seconds for a liquid
thickness of ~3 µm. The liquid-coated slide is then placed atop a ~2.5 cm glass cylinder on a hot
plate, while the monomer to be used is dispensed (~1 mg) onto a glass slide below the cylinder.
Anthracene (Fluka Analytical), pyrene (Sigma Aldrich), and naproxen (Sigma Aldrich) are
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evaporable above 120 0C and the maximum temperature used is typically around 200 0C, with
higher temperatures providing a higher flux rate. Perylene (Sigma Aldrich) and tetracene (Sigma
Aldrich) require slightly higher temperatures ranging from 170-230 0C.

Photoresist removal.
With a reduced UV dose, NR9 photoresist pillars will adopt a tapered shape, with the
bottom portion of the pillar being more slender than the top (negative-slope sidewalls). This
allows the pillars to be swept away by a gentle isopropanol rinse. When performed carefully, this
technique can be used to strip away photoresist from areas with patterned crystals. HPLC-grade
isopropanol (Fisher Chemical) was gently applied to photoresist using a glass pipet.
The photoresist template can be also be removed from crystals that have been grown on
a positive-tone photoresist pattern. PR1 is simply subjected to a second UV dose without the
photomask, and the developer solution is applied gently to the substrate using a glass pipet,
leaving patterned crystals behind.

Liftoff-layers.
A polyvinyl alcohol (PVA) layer can be applied on top of the photoresist layer to facilitate
crystal lifting via hydrodip. A 4% w/w solution of PVA in nanopure is spin-coated onto the slide
at 3500 rpm for 30 seconds, followed by a 10 minute bake at 110 0C to remove the water and
leave a PVA film remaining. After the crystals have been patterned, they can be lifted from the
templated substrate by either rinsing with or dipping into nanopure water.

Liftoff with a PDMS stamp.
For crystal lifting with a trenched pattern, polydimethylsiloxane (PDMS) is prepared
by mixing Sylgard 184 Silicone Elastomer Base and Sylgard 184 Silicone Elastomer Curing
Agent in a 10:1 ratio in a small plastic tub. The plastic tub with uncured PDMS is then placed
in a vacuum oven under vacuum at room temperature (~220 0C) for 45 minutes to remove the
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bubbles. The oven is then brought to atmospheric pressure and heated to 420 0C. Next, an SU-8
coated ITO slide with a trench pattern that is 20 µm wide by 1 cm long is placed within the
mixture to create an inverted trench pattern within the PDMS. At this temperature the sample
is cured after 3 hours to the point that it is firm, yet adhesive enough to pull solid tetracene.
The resulting trenched PDMS slab is then removed from the tub, and carefully applied to the
surface of a prepared slide with patterned tetracene crystals on it (see above). Finally, the PDMS
is gently peeled from the slide, resulting in “bridge” crystals that lie across the trenches of the
PDMS. This process can produce stress fractures, or shatter the crystals, but several remain intact
with proper handling.

Optical Microscopy.
All white light and cross-polarized optical microscope images were taken on an Olympus
BX-51 microscope with an Olympus QColor 5 microscope camera. Static fluorescence
microscope images were taken using a Hamamatsu camera and a Nikon Ti-U microscope.
Fluorescence videomicroscopy images were taken using a Hamamatsu digital camera (C11440
ORCA-FLASH4.0LT+ / W-View Gemini) mounted on a Mitutoyo microscope (FS70Z-S).
Anthracene and pyrene were excited using a 375 nm LED (ThorLabs M375L4), whereas
tetracene was excited using a 420 nm LED (ThorLabs M420L3). Anthracene and pyrene crystal
fluorescence was collected with a 473 +/- 24 nm bandpass filter (Chroma ET473/24m), and
tetracene crystal fluorescence was collected with a 572 +/- 23 nm bandpass filter (Chroma
ET572/23m).

Electron Microscopy.
SEM images were captured using a JEOL JSM-7200F Field Emission SEM and a Tescan
Vega 3 Thermionic SEM. Samples were sputter-coated with ~5 nm of a gold-palladium alloy.
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X-ray diffraction.
X-ray diffractograms were obtained using a Rigaku Miniflex 6G and a PANAlytical MRD
Pro. 1D XRD was taken using the Bragg-Brentano geometry, and the samples were patterned
crystals atop an ITO-coated glass substrate. 2D XRD was obtained by capturing single crystals
on a loop after floating them up from a substrate with the template removed using water.

Atomic force microscopy.
AFM images were captured using a Bruker BioScope Catalyst, equipped with MikroMasch
NSC35/AL BS tips. PeakForce TappingTM and tapping modes were used.

Fluorescence Videomicroscopy.
A reference dye solution was made by saturating squalane with lumogen red. 1 mg was
dissolved in 10 mL of squalane over 24 hours. The resulting solution was centrifuged for 1
hour to help remove residual undissolved lumogen red particles. Next, the solution was filtered
through a 0.45 micron PTFE filter to eliminate any further residual particles. This saturated
squalane solution was then diluted 1:10 by volume with hexanes in order to achieve an
ultrathin liquid layer. This solution is passed again through a 0.45 micron PTFE filter to remove
particulates and is deposited onto a clean glass slide. The slide is spun at 8000 rpm for 2 minutes.
This liquid-coated slide is placed into the deposition chamber. Next, a ThorLabs 405 nm laser
attached to a ring light is used as the excitation source. A dual-channel Hamamatsu W-VIEW
microscope attachment is fitted with a dichroic mirror and two filters, one to collect monomer
fluorescence and one to collect the fluorescence from the reference dye. By using ImageJ, the
monomer fluorescence channel is divided by the reference channel to extract a liquid-thickness
normalized image of monomer concentration on the slide.
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Growth using a deposition chamber.
A custom-fabricated OVLS deposition chamber is used for videomicroscopy experiments.
The liquid-coated slide is placed into the OVLS chamber for monomer deposition. The slide is
attached to the window at the top of the chamber with aluminum clamps, and the temperature of
the substrate is controlled by a peltier thermoelectric cooling apparatus attached to the substrate
window. To clear the chamber of oxygen, the system is pumped down for 30 minutes under
vacuum to ~300 millitorr, then purged with ultra-high purity (UHP) nitrogen for an additional 15
minutes. At this point, the crucible containing the monomer is heated to the desired temperature
by means of a nichrome wire, and sublimation begins. The exterior of the chamber is wrapped
in tubing carrying antifreeze, which is connected to a chiller. This maintains a steady ambient
temperature within the chamber during sublimation. The sublimed monomer is transported to
the surface of the substrate by means of a stream of carrier gas, UHP nitrogen (Airgas), at a rate
of 2.500 liters per minute. A 405 nm laser is attached to a ring light in order to perform darkfield fluorescence measurements. Monomer and crystal fluorescence are visualized using the
appropriate excitation wavelength and filters, passed through a microscope objective to a CMOS
camera. After the nucleation period ends, or desired crystal size is achieved, both the heat and the
stream of gas are turned off, and the slide is removed from the chamber.
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Chapter Six
Outlook

O

6.1: Outlook & Conclusions
VLS has the potential to be implemented as a new method for depositing organic
molecular crystals in both academic and industrial contexts. Overall, the low cost of
materials, the simplicity of the technique, and the relatively rudimentary equipment

that is required make OVLS deposition accessible for contexts ranging from undergraduate
laboratory experiments to large-scale commercial manufacturing processes. In this thesis, I have
demonstrated that this method applies to a wide number of organic molecular crystal compounds
ranging from semiconductors to pharmaceuticals. In addition to being able to grow milliscale
single crystals in a short time frame, the approach can deposit these single crystals into specific
sites, impart predefined bounding shapes and topologies, control for specific crystal phases
and orientations, and produce high-quality crystal films in air without the need for vacuum or
oxygen-free conditions. The combination of these capabilities make OVLS deposition a versatile
fabrication technique that is useful for innumerable applications ranging from optoelectronics to
pharmaceutical development.
As for next steps, there are several avenues to pursue. Some future experiments that
would help this project progress further include photonic crystal characterization, nanoscale
patterning, and complex device fabrication (e.g. arrays of OLEDs or OFETs). Although I have
computationally evaluated our photonic crystal structures, cross-polarized IR characterization
of microscale photonic crystals or visible-spectrum characterization of nanoscale photonic
crystals would provide corroborating evidence of the validity of the technique. Additionally,
the fabrication of complex device architectures would affirm the potential for this deposition
technique to be applied in industrial contexts.
My hope is that I’ve provided a solid framework from which other scientists can build upon,
and I expect that the OVLS method will someday be a commonplace technique. I have enjoyed
this project immensely, and look forward to seeing where it goes from here.
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